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Abstract 

 

The overall goal of this analysis is to quantify the effect of hypoxia on economic outcomes of 

interest, including catch, revenue, catch per unit effort (CPUE) and revenue per unit effort 

(RPUE) for the brown shrimp fishery in the Gulf of Mexico using spatially explicit data.  To 

isolate the effect of hypoxia on fishing outcomes from confounding factors, we use spatial and 

temporal variation of hypoxia and take advantage of additional variation: the presence of areas 

with little to no hypoxia close to areas greatly affected by hypoxia.  We employ a differences-in-

differences-in-differences (DIDID) estimator, controlling for potential cofounders, including the 

brown shrimp life and growth cycle and state policies, to isolate the true treatment effect.  We 

find that seasonal hypoxia has a positive, statistically significant effect on catch, revenue, CPUE 

and RPUE.  Estimates of this effect on catch and revenue range from a 62% - 86% increase for 

seasonal hypoxia and a 63% - 73% increase for persistent hypoxia.  For CPUE and RPUE, 

estimates of this effect range from a 32% - 39% increase for seasonal hypoxia and a 36% - 47% 

increase for persistent hypoxia.  However, when we regress catch of different “classes,” or sizes, 

of shrimp, our results indicate that landings of large shrimp decrease in the presence of persistent 

and seasonal hypoxia whereas landings of small shrimp increase significantly.  These findings 

corroborate studies of the effect of hypoxia on shrimp at the organism and population levels, and 

the estimated effects are consistent for multiple variants of a basic regression model. 
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1. Introduction 

In the latter half of the 20th century, the Lower Mississippi River basin, which drains about 

41% of the land area of the continental US, has experienced a large increase in the concentration 

of nitrogen (N) and phosphorus (P).  This increase is due primarily to increased use of N- and P-

based fertilizers in the basin.  N and P contribute to eutrophication (the accumulation of 

nutrients) in the lower Mississippi River, river-fed estuaries, and ultimately, the Gulf of Mexico.  

Hypoxia, or low levels of dissolved oxygen, is caused by the initial productivity of 

phytoplankton stimulated by the inflow of nutrients and corresponding death and decay of algae 

and phytoplankton.  The Gulf of Mexico has severe and wide-reaching hypoxic conditions 

(characterized by dissolved oxygen levels less than 2 mg/l); the average size of the Gulf of 

Mexico hypoxic zone between 2004 and 2008 was about 17,000 km2, roughly the size of Lake 

Ontario ("What is hypoxia?").  Research suggests that hypoxia can impact marine organisms at 

both an individual and population level.  If we expect that Gulf eutrophication and subsequent 

hypoxia affect the biological response of commercially valuable species, we might also expect a 

behavioral response from commercial fishermen that would be reflected in measurable outcomes 

such as catch, revenue, and effort.  This framework of relationships is depicted graphically in 

Figure 1. 
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Figure 1. Framework of relationships between nutrient loading, hypoxia, and fishing response1 

 

 
Although there has been significant research on the effect of hypoxia on marine species, 

there has been little empirical investigation of the relationship between items 3-5 in Figure 1.  

Previous analyses of the effect of hypoxia on economic rents from shrimping in the Gulf suggest 

that hypoxia has a weak negative relationship with economic outcomes, but some of these 

studies have shortcomings that dampen their validity (Zimmerman and Nance, 2001; Diaz and 

Solow, 1999).  Studies done in other contexts indicate that hypoxia has a strong negative effect 

on economic outcomes (Huang, 2009; Nichols, 2008).  The overall goal of this analysis is to 

quantify the effect of hypoxia on economic outcomes of interest for the brown shrimp fishery in 

the Gulf of Mexico using spatially explicit data.  The results of this analysis will contribute to a 

key objective of a project funded under the National Oceanic and Atmospheric Administration 

(NOAA) grant program Gulf of Mexico Ecosystems and Hypoxia Assessment (NGOMEX): to 

improve understanding of the impacts of hypoxia on fisheries and provide fishery managers with 

information about the costs associated with environmental degradation in the Gulf and the 

potential benefits of remedial actions and policies (Craig et al. 2009). 
                                                
1 The general idea for this figure came from a class presentation by L. Crowder at Duke University on 8 November 
2010. 

(5) Outcomes (i.e. catch) 

(4) Fishing response 

(3) Species response 

(2) Gulf hypoxia 

(1) Nutrient loading 
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Although other studies have attempted to estimate the impact of hypoxia on shrimp catch in 

the Gulf of Mexico, these studies have not attempted to account for important confounding 

factors.  Evaluating the impact of hypoxia on fishing and economic outcomes is complicated due 

the 1) temporal and spatial variation of hypoxia in the Gulf of Mexico and 2) confounding 

factors, including state and federal policies that vary over time.  The extent of hypoxia varies 

temporally; it is most severe in June, July and August (Rabalais and Turner, 2001).  The extent 

of hypoxia also varies spatially; there are some areas within the greater hypoxic zone that are 

relatively “more” or “less” hypoxic.  To isolate the effect of hypoxia on fishing outcomes, we 

use this spatial and temporal variation within the hypoxic zone and take advantage of additional 

variation: the presence of areas without or with little hypoxia close to areas greatly affected by 

hypoxia.  These three sources of variation (temporal, spatial, and relative severity) in hypoxia 

permit us to construct a “counterfactual” – in this case, “what the fishing outcomes in the 

hypoxic zone would have been in the absence of or with ‘less’ hypoxia” – which is critical for 

good causal inference (Craig et al., 2009, p.19).  This analysis employs a differences-in-

differences-in-differences (DIDID) estimator, which I describe in detail in Section 3, to estimate 

the effect of hypoxia on economic outcomes.  Efforts to identify and account for confounding 

factors, namely state policies that change over time and are applicable to certain areas of the Gulf 

and the dynamics of the annual brown shrimp life and growth cycle, are also detailed in Section 

3. 

Section 2 of this paper reviews important background information related to the Gulf of 

Mexico brown shrimp fishery, hypoxia in the Gulf, the effect of hypoxia on shrimp, the results of 

previous studies looking at the relationship between hypoxia and economic outcomes, and the 

shrimp life and growth cycle.  Section 3 provides an overview of data used in this analysis and 
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explains the methodology and DIDID estimator.  Section 4 outlines the various regressions 

models and presents the results of the DIDID estimator.  Section 5 discusses validity checks, 

provides suggestions for future work, and summarizes the findings of this analysis.  Sections 6 

through 8 contain references, appendices, and acknowledgements, respectively. 

2. Background and Literature Review 

2.1 The Gulf of Mexico Brown Shrimp Fishery: History and Governance 

The Gulf of Mexico is a major site for shrimp production in the United States (Nance et al., 

1994).  Off the coasts of Louisiana (LA), Mississippi (MS), Texas (TX), Florida (FL), and 

Alabama (AL), commercial and recreational fishermen pursue three species of penaeid shrimp: 

Farfantepenaeus aztecus (brown), Farfantepenaeus duorarum (pink), and Litopenaeus setiferus 

(white) (Gulf of Mexico Fishery Management Council, 2005).  Although there are other species 

of shrimp in the Gulf, including royal red, seabob, and rock shrimp, the three aforementioned 

species are the main target of commercial fishermen.  Brown, pink and white shrimp are 

incredibly important commercially, responsible for more total revenue over a 10-year period in 

the Gulf than any other species (NMFS-NOAA, 2010a).  In 2008, the Gulf shrimp fisheries 

brought in $366 million, comprising 56% of total revenue for the Gulf region (NMFS-NOAA, 

2010a).  Brown shrimp are the most valuable species, followed by white shrimp and pink shrimp, 

respectively (Gulf of Mexico Fishery Management Council, 2006).  Historically, brown shrimp 

have accounted for the majority of annual commercial landings relative to white and pink shrimp 

in the Gulf (Gulf of Mexico Fishery Management Council, 2006) but in 2008, commercial 

fishermen landed over 98 million pounds of white shrimp, 79 million pounds of brown shrimp, 

and 7 million pounds of pink shrimp (NOAA Fisheries: Commercial Fisheries, 2010).  Gulf 

shrimp account for a large proportion of all US shrimp in terms of quantity; between 2000 and 
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2008, annual landings for Gulf brown, pink, and white shrimp combined accounted for between 

67% and 85%2 of total commercial shrimp catch landed in the US (NOAA Fisheries: 

Commercial Fisheries, 2010).  This volume is significant when considered in a national context: 

in 2009, shrimp ranked 3rd largest in value and 9th largest in quantity (by weight) of all other 

major US domestic species (NMFS-NOAA, 2010b).   

The management of the Gulf of Mexico shrimp fishery involves many actors, including 

federal and state agencies and organizations such as non-profits and trade associations.  It is 

important to briefly discuss the management structure of the shrimp fishery because agency 

jurisdiction and policies that differ over time, across states, and across different areas of the Gulf 

play an important role in this analysis.  The 1976 Magnuson-Stevens Fishery Conservation and 

Management Act (FCMA) empowers the Gulf of Mexico Fishery Management Council 

(hereafter “the Council”) to assume authority over all fisheries off the coasts of western FL, AL, 

LA, MS and TX beyond state waters out to 200 nautical miles, an area known as the Exclusive 

Economic Zone, or EEZ ("Magnuson-Stevens Fishery Conservation and Management Act").  

The Council consists of representatives from Gulf state marine resource management agencies, 

individuals nominated by state governors and appointed by the Secretary of Commerce, and 

government officials from the National Marine Fisheries Service (NMFS), U.S. Coast Guard, 

U.S. Fish and Wildlife Service, Department of State, and the Gulf States Marine Fisheries 

Commission ("About Us").  The Council’s primary responsibility is to develop fishery 

management plans (FMPs) to “provide for the best use of fishery resources in the Gulf of 

Mexico” ("Gulf Council FAQs"). 

                                                
2 These numbers were obtained by querying “SHRIMP,” specifying the option “All States By State” in the NOAA 
Fisheries Commercial Fisheries Statistics website. 
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The goal of the FMP for shrimp is to “manage the shrimp fishery in order to attain the 

greatest overall benefit to the nation” (Gulf of Mexico Fishery Management Council, 1981).  The 

Council developed an initial FMP for the brown, pink, and white shrimp fisheries in 1981, which 

established: 1) a reporting system and several seasonal and spatial closures intended to increase 

yields by allowing smaller shrimp to grow and mature, 2) the Tortugas Shrimp Sanctuary, a 

cooperative state-federal trawling closure in conjunction with FL, and 3) a cooperative seasonal 

closure with TX to protect juvenile brown shrimp (Gulf of Mexico Fishery Management 

Council, 1981).  Subsequent amendments established definitions of overfishing (Gulf of Mexico 

Fishery Management Council, 1991), required commercial vessels to obtain permits from NMFS 

(Gulf of Mexico Fishery Management Council, 2001), and instituted a moratorium on the 

issuance of new commercial vessel permits, in addition to other policies and requirements (Gulf 

of Mexico Fishery Management Council, 2005). 

Although the Council has jurisdiction over fishery management decisions in the EEZ, it 

works closely with state agencies on the development, implementation, and enforcement of joint 

policies and regulations, such as the Tortugas Shrimp Sanctuary, the TX closure, and 

requirements for vessels to install turtle excluder devices (TEDs) and bycatch reduction devices 

(BRDs).  Gulf state marine and natural resource agencies have jurisdiction over fisheries 

management and other activities in their state waters, or territorial seas.  For AL, MS, and LA, 

jurisdiction extends from their coastlines to 3 nautical miles (nmi) ("Gulf of Mexico Fisheries 

Management").  The TX territorial sea extends from the coast to 9 nmi ("Gulf of Mexico 

Fisheries Management").  FL’s territorial sea extends from the coast to 10 nmi into the Gulf of 

Mexico ("Gulf of Mexico Fisheries Management").  State agencies with the authority to develop 

and implement state fisheries regulations are: the AL Department of Conservation and Natural 
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Resources, the MS Marine Conservation Commission, the LA Wildlife and Fisheries 

Commission, the TX Parks and Wildlife Commission and the FL Wildlife and Fisheries 

Commission (Gulf of Mexico Fishery Management Council. 1981).  While all of the agencies 

have slightly different powers, governance structures, and regulations, all of the Gulf states have 

restrictions on the size of shrimp that can be caught and can restrict fishing in certain areas of 

their territorial seas (Gulf of Mexico Fishery Management Council. 1981).  Another key 

institution that manages the brown shrimp fishery is the Gulf States Marine Fisheries 

Commission (GSMFC), formed in 1949, an organization of comprised of the five Gulf states that 

coordinates intra-state activities related to all fisheries ("Overview"). 

The geographic distribution of shrimp species in the Gulf dictates, to some extent, their 

relative importance to different states and thus, the emphasis of state regulations on particular 

shrimp species, which informs our discussion of these state and federal policies in Section 3.3.3.  

In general, in this period, annual brown shrimp catches were highest in LA and TX.  FL has the 

highest annual pink shrimp catch, but pink shrimp are also landed in AL and TX, and to a much 

lesser extent, MS.  Annual white shrimp catch is highest in LA, followed by TX, MS, AL, and 

FL.3 

                                                
3 This information was obtained by querying “SHRIMP,” specifying the options “All States By State” and years 
1997-2004 in the NOAA Commercial Fisheries Statistics website.  We rely on these numbers for estimates of the 
relative important of brown, pink and white shrimp in lieu of the data used for analysis in this paper for two reasons. 
First, NOAA Fisheries data indicate “location at which the landings either first crossed the dock or were reported 
from,” not the physical location of harvest in statistical subarea.  The data used in this paper contains catch by 
statistical subarea, which does not perfectly correspond to state; there are two statistical subareas in the study region 
over which multiple states have jurisdiction. 
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2.2 Hypoxia in the Gulf of Mexico 

In addition to harboring a large and productive shrimp fishery, the Gulf is also the site of the 

largest hypoxic zone in the coastal US and the second largest in the world4 (Rabalais, Turner and 

Wiseman, 2002).  The “dead,” or hypoxic zone in the Gulf is the result of nutrient-rich runoff 

from agriculture and industry in the Mississippi River watershed, which includes more than 40% 

of the continental US, flowing into the Gulf of Mexico (Mississippi River/Gulf of Mexico 

Watershed Nutrient Task Force, 2008).  The presence of naturally occurring nutrients such as N 

and P is critical to the growth and survival of coastal fisheries, (Caddy, 2000) but the discharge 

of excess nutrients from anthropogenic activities into the Gulf has led to hypoxia (Diaz and 

Solow, 1999).  

Hypoxia develops as a result of two key factors: the creation of organic matter and the 

existence of a stratified water column (Rabalais and Turner, 2001).  Appreciable organic matter 

is created when P, N, and silicon from the Mississippi River flow into the Gulf and initially 

stimulate productivity of primary producers, such as algae and phytoplankton, microscopic 

organisms that form the base of the marine food chain (Rabalais and Turner, 2001).  When these 

organisms die, they sink to the sea floor ("The Gulf of Mexico Hypoxic Zone").  Over time, this 

organic matter decomposes and consumes oxygen in the decomposition process, leading to 

hypoxia ("Hypoxia 101").  Hypoxic zones persist in the Gulf due to differences in temperature 

and salinity of water flowing from the Mississippi, which is generally warmer and less dense, 

and bottom water, which is colder and more dense ("Hypoxia 101").  These characteristically 

different water masses create a stratified water column that prevents oxygenated surface water 

                                                
4 The largest hypoxic zone in the world is located near the coast of the Baltic Sea, reaching 84,000 km2 (Rabalais, 
Turner and Wiseman, 2002). 
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from reaching hypoxic bottom water, perpetuating hypoxic conditions in the coastal Gulf 

(Rabalais and Turner, 2001).   

The Gulf hypoxic zone refers specially to an area characterized by low-dissolved oxygen on 

the LA continental shelf and TX coast, but it is not static; its extent and severity changes over 

time (Rabalais, n.d.).  Hypoxia occurs between late February and early October, but is most 

severe and widespread in June, July, and August and is near continuous from May through 

September (Rabalais, n.d.).  Hypoxic bottom waters occur approximately 5-30 km offshore, at 

depths of between 5 and 30 m (Craig and Crowder, 2005).  Generally, hypoxic conditions are 

constrained to bottom waters, but Rabalais and Turner (2001) note that at times, between 50% 

and 80% of the water column may be hypoxic.  In the absence of weather-induced mixing of the 

water column, large areas remain hypoxic for long periods of time (Craig and Crowder, 2005).  

Between 2000 and 2007, the extent of hypoxia in the Gulf of Mexico averaged 16,700 km2, an 

area off the coast of LA roughly the size of the state of Connecticut (Turner et al., 2008).  

Although there is no formal or universal definition describing hypoxia, a dissolved oxygen level 

of 2 mg/l is a commonly accepted threshold (Rabalais, Turner and Wiseman, 2002). 

In response to emerging scientific evidence outlining the potential for hypoxia to “inexorably 

change the biology of the region,” (Mississippi River/Gulf of Mexico Watershed Nutrient Task 

Force, 2008) the Mississippi River/Gulf of Mexico Watershed Nutrient Task Force was 

established in 1997 to “understand the causes and effects of eutrophication in the Gulf of 

Mexico; coordinate activities to reduce the size, severity, and duration; and ameliorate the effects 

of hypoxia” ("History").  The Task Force is composed of federal and state officials from a 

variety of different agencies, and includes Gulf state representatives as well as representatives 

from eight non-Gulf states in the Mississippi River watershed ("Members of the Mississippi 
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River/Gulf of Mexico Watershed Nutrient Task Force").  In 2001, the Task Force released a Gulf 

Hypoxia Action Plan, which was expanded and updated in 2008.  The goal of the 2008 Plan is to 

reduce the hypoxic zone to less than 5,000 km2 by 2015 by reducing the discharge of nitrogen 

and phosphorus into the Gulf through voluntary actions and incentive programs (Mississippi 

River/Gulf of Mexico Watershed Nutrient Task Force, 2008). 

2.3 Effect of Hypoxia on Penaeid Shrimp 

Research suggests that hypoxia affects aquatic organisms (including shrimp) in a variety of 

direct and indirect ways at both the individual and population level, including changes in life and 

growth cycles; distribution; behavior modification and avoidance; and mortality (Rabalais and 

Turner, 2001; Craig and Crowder, 2005).  For example, lab experiments described in 

Wannamaker and Rice (2000) indicate that brown shrimp detected and responded to low 

dissolved oxygen by moving away, displaying a preference for higher oxygen concentrations that 

is in line with the response of other estuarine organisms.  Using the Metapenaeus ensis shrimp 

species, an experiment by Wu (2002) found that shrimp avoid hypoxic water, and low oxygen 

levels (below 0.5 mg/l) resulted in high mortality.  Craig, Crowder, and Henwood (2005) show 

that brown shrimp are generally found offshore but in the hypoxic zone, shrimp shift to relatively 

warm, inshore waters and cluster in high densities in cooler offshore waters near the edge of the 

hypoxic zone.  Other studies indicate that changes in the water temperature and dissolved oxygen 

concentrations have an impact on shrimp metabolism, which can reduce energy available for 

growth and other functions (Craig and Crowder, 2005). 

Effects at the population level are more difficult to show because 1) species are often only 

briefly exposed to hypoxic conditions due to avoidance behaviors, and 2) the indirect effects of 

hypoxia on can be positive or negative depending on food web interactions and processes (Craig 



 

 11 

and Crowder, 2005).  Craig and Crowder use used data from trawls that are part of the Southeast 

Area Monitoring and Assessment Program (SEAMAP) to show that hypoxia results in habitat 

loss and changes in the spatial distribution of brown shrimp; they estimate habitat loss for brown 

shrimp on the Louisiana shelf to be as much as 25% (2005).  Using catch rates on the LA shelf, 

In the presence of moderate hypoxia (in 1983, 1987, 1988 and 2000), shrimp catch was highest 

from shore to 27 m; with severe hypoxia (1993, 1995-1997), catch was high inshore, declined 

between 9-27 m, and increased offshore (27-43 m).  In addition to affecting metabolism, the 

changes in spatial location for brown shrimp populations, particularly the high densities offshore, 

may have implications for the ecosystem of which brown shrimp are a part (Craig and Crowder, 

2005).  

2.4 Literature Review: Effect of Hypoxia on Economic Outcomes 

Substantial uncertainty remains about the behavioral response of fishermen to hypoxia and 

consequentially, the impacts of hypoxia on fishing outcomes and rents from fishing (profit); this 

analysis focuses on the latter relationship.  It is useful to briefly describe prior work in this vein, 

as it informs and shapes the approach used in this paper.  Zimmerman, Nance, and Williams 

(1997) used data from the NMFS database on monthly shrimp landing statistics to run step-wise 

regressions to detect a relationship between shrimp landings or effort and the extent of hypoxia.  

They found a weak negative relationship between catch and hypoxia, and observe high catches 

nearshore (with low hypoxia) relative to offshore (with high hypoxia), which is consistent with 

evidence that shrimp move away from waters with low dissolved oxygen concentrations.  

Subsequent analysis by Zimmerman and Nance (2000) also suggests a negative relationship 

between shrimp catch and the extent of hypoxia within subareas off the coast of TX and LA.  

They also found a strong negative relationship between brown shrimp catch in statistical 
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subareas off of LA and TX and size of the hypoxic area in each subarea.  Zimmerman and Nance 

did not account for policy differences between states in their models. 

O’Connor and Whitall (2005) calculate correlation coefficients for shrimp landings and size 

of hypoxic zone in the Gulf of Mexico between 1985 and 2004.  They find statistically 

significant, negative coefficients for brown shrimp landings from TX (Pearson coefficient =   

-0.59) and TX and LA combined (Pearson coefficient = -0.52).  Connor and Whitall also fit a 

regression line to brown shrimp landings from TX and LA, but this simple regression only 

explains 27% of the variation in landings, and does not attempt to control for other confounders 

(2005).  

Diaz and Solow (1999) use catch data for brown and white shrimp to examine the economic 

impact of hypoxia.  They grouped statistical subareas together, designated “control” and 

“treatment” groups based on whether the subareas were affected by hypoxia, and calculated 

lagged correlations between two proxies for hypoxia and catch per unit effort (CPUE), depth, 

and shrimp size.  Diaz and Solow did not find effects attributable to hypoxia, but emphasize that 

an inability to control for variability in the data, low statistical power due to a small sample size, 

and a short time series limits their analysis and conclusions.  Although they use data from 

multiple states and compared “control” (areas without hypoxia) and “treatment” (areas with 

hypoxia) zones, Diaz and Solow did not account for policy differences across states and did not 

have precise measures of hypoxia.5 

A more recent study, done by a master’s student at Duke University, focuses on estimating 

the economic consequences of shifts in the supply of shrimp stemming from effects of hypoxia 

on the North Carolina brown shrimp fishery (Nichols, 2008).  Nichols obtained price and catch 

                                                
5 Diaz and Solow (1999) used 2 measures of hypoxia in their analysis: 1) AREA, or estimates of the area with less 
than 2 mg/l dissolved oxygen and a hypoxia index, and 2) INDEX, calculated using information about nutrient 
discharge and assumptions about increased concentration of nutrients over time. 
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data from the North Carolina Division of Marine Fisheries, data on the price of imported shrimp 

from the US International Trade Commission, dissolved oxygen information for the Neuse River 

from the U.S. Geological Survey, and other relevant data from additional databases and agencies.  

Nichols employed a two-stage-least-squares technique to estimate supply and demand equations, 

regressing price (an endogenous variable) on exogenous explanatory variables describing the 

quantity of shrimp supplied and demanded to obtain the predicted value of price.   This predicted 

price value was then used as an explanatory variable to estimate the quantity of shrimp.  Nichols’ 

regression analysis results suggest that hypoxia has a negative relationship with the quantity of 

brown shrimp landed, and estimates that a reduction in the number of “hypoxic days” would 

increase producer surplus (profit for fishermen). 

Huang (2009) also used “microdata” (data on individual fishermen) from the North Carolina 

brown shrimp fishery to develop a bio-economic model identifying the effects of hypoxia on 

commercial harvest.  Huang takes advantage of data rich in temporal variation for the 

concentration of dissolved oxygen in the Neuse River estuary.  This study recognizes that the 

effect of hypoxia will likely not occur instantaneously because it manifests through a “complex 

set of ecological and behavioral pathways,” and thus controls for potential lagged effects of 

hypoxia in order to avoid a “temporal mismatch between harvest and hypoxia” (Huang 2009, 

p.57).  The results of this analysis suggest that hypoxia has a significant economic effect on the 

North Carolina shrimp fishery; Huang estimates a 12.87% decrease in shrimp harvest due to 

hypoxia, compared to a system without hypoxia. 

2.5 Brown Shrimp Life and Growth Cycle 

Before moving to a discussion of the data and methods used in this analysis, a discussion of 

the relevant aspects of brown shrimp life history in the Gulf is important because it influences 



 

 14 

the development of the statistical models in this paper.  In general, estuarine-dwelling, juvenile 

shrimp feed on algae and detritus, enjoying the protection of this land-sea interface from 

predators.  As the shrimp grow, they migrate to deeper Gulf waters (Gulf of Mexico Fishery 

Management Council, 1981).  Shrimp continue to grow in the Gulf until they reach their 

maximum size; spawning occurs before individuals are 12 months old (Gulf of Mexico Fishery 

Management Council, 1981).  Figure 2 provides a graphical depiction of shrimp life history that 

is applicable to brown shrimp and other shrimp species. 

Figure 2. Graphical depiction of shrimp life history6 

 

 
 

Brown shrimp range from Massachusetts to Florida, as well as around the northwestern Gulf 

Coast near Texas to Mexico.  They are most abundant near the bottom of shallow water, or water 

with depth of less than 180 feet ("Brown Shrimp").   Brown shrimp are considered an annual 

resource due to their relatively short lifespan (1.5 years).  Spawning occurs throughout the year 

                                                
6 This figure comes from p.6 of The Texas Shrimp Fishery: A Report to the Governor and the 74th Legislature.  The 
lettered stages are: a) shrimp eggs, b) nauplius larva, c) protozoea, d) mysis, e) postmysis, f) juvenile shrimp, g) 
adolescent shrimp, and h) mature adult shrimp. 
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in offshore waters deeper than 60 feet but is primarily between September and May, with peaks 

in September through November and April to May (Lassuy, 1983).  Currents carry larvae to 

estuaries; peak immigration of post-larval shrimp occurs in early spring and early fall 

(Zimmerman and Nance, 2001).  Juveniles flourish in inshore estuaries for about two months 

before returning to offshore waters as sub-adults (Zimmerman and Nance, 2001) from May 

through August with peaks in May and July (The Texas Shrimp Fishery: A Report to the 

Governor and the 74th Legislature).  Once brown shrimp mature into adults, the cycle repeats 

with spawning.  To ensure that the estimates of the effect of hypoxia on economic outcomes do 

not also include the effects of the shrimp life and growth cycle, we must account for the life and 

growth cycle of brown shrimp in the statistical models presented here. 

3. Data and Methods 

3.1 Methodology 

In an ideal world, we would estimate the effect of hypoxia on fishing outcomes by measuring 

outcomes in subarea-depth zones7 in the Gulf without hypoxia that are similar in both observable 

and unobservable ways.  Then, we would randomly “assign” our treatment (hypoxia) to some of 

these subarea-depth zones and measure our outcome variable in control and treatment zones.  In 

this case, the difference in catch between the “treated” and “untreated” (control) zones would be 

attributable to hypoxia because treatment is ignorable; that is, the set of potential outcomes is the 

same for an observational unit regardless of whether the observation is assigned to a treatment or 

control group (equation 1).  Equation 1 below states this assumption in a slightly different way: 

the expected value of an outcome variable, Y, conditional on its assignment to treatment (D = 1) 

is equal to the expected value of Y conditional on its assignment to control (D = 0). 

                                                
7 See Appendix C and Appendix D for maps of Gulf of Mexico depth zones and subareas, respectively.  A subarea-
depth zone refers to one depth zone in a given subarea, which is shown in Appendix E. 
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! !! ! = 1 = ![!!|! = 0]  (1) 

In a randomized experiment, all we would need to do to obtain an estimate of the average 

treatment effect (ATE) and the selected average treatment effect (SATE), which are the effects 

we’re interested in, is calculate the difference in mean outcomes: 

!
!!

!!!! − !
!!

!!!!   (2) 

Equation 2 simply states that the estimate of ATE and SATE would be equal to the difference in 

the means of Y for a treatment group (D = 1) and a control group (D = 0).  Because treatment is 

randomly assigned, and is thus ignorable, this difference in mean outcomes estimator would 

yield a valid estimate of the causal effect of treatment. 

Similar to the idealized experimental design described above, we can employ quasi-

experiments to test “causal hypotheses about manipulable causes” (Shadish, Cook, and Campell, 

2002).  Quasi-experiments lack random assignment to treatment and control groups, so 

observations in these groups may differ from each other systematically in observable or 

unobservable ways, which could confound and bias estimates of the treatment effect and prohibit 

us from estimating the causal effect of treatment (Shadish, Cook, and Campell, 2002).  Using 

ordinary least-squares regression (OLS) and including covariates would control for observable 

differences between the treatment and control group, making assignment “as good as random” 

and permitting a valid estimate of the treatment effect. 

However, if we have reason to think that there are unobservable differences between the 

treatment and control groups, OLS, which only accounts for observable differences between 

treatment and control groups, will produce biased estimates.  A differences-in-differences (DD) 

estimator allows us to estimate the causal effect of treatment if there are unobservable 

differences between the treatment and control groups that are relatively constant over time.   
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Figures 3 and 4 depict two stylized situations in which unobservable confounders differentially 

affect the treatment and control groups.  In Figure 3, the unobservable confounders are affecting 

the levels; that is, the treatment group has consistently higher outcomes than the control group 

but the trend over time for both groups is the same.  Thus, in the absence of treatment, the 

change in outcomes would be the same for the treatment and control groups.  In Figure 4, 

unobservable confounders affect the trends; that is, the treatment group has a different level and 

trend in outcomes than the control group.  If unobservable confounders affect the trends, the DD 

estimator cannot be used.  The identifying assumption for DD, or the assumption that must be 

met in order to yield a valid causal estimate of the effect of treatment, is that in the absence of 

treatment, the trend in outcomes would be parallel.   

Figure 3. Unobservable differences in levels 

 

Figure 4. Unobservable differences in trends 

 

Treatment 

Control 

Treatment 

Control 



 

 18 

Equation 3 below simply states the identifying assumption of the DD estimator: in the absence of 

treatment, the difference between potential outcomes in periods 1 and 0 for observations with8 

and without9 treatment, the trends should be parallel.  

! !!(1)− !!(0)|! = 1 = ! !!(1)− !!(0)|! = 0   (3) 

!"#$ = {! !!(1)− !!(0)|! = 1 − ! !!(1)− !!(0)|! = 0 }  (4) 

If this assumption is true, the difference between the two sides of equation 3 yields a valid 

estimate of the SATE (equation 4). 

We can use regression models to obtain an estimate of treatment (hypoxia).  The following 

model will yield a valid causal estimate of the effect of hypoxia on outcomes of interest: 

!!"# = !! + !!!"# + !!!"# + !!!! + !!!! + !!!! + !!!""#$%!"# + !!"!! ∗ !! + !!"!! ∗ !! + !!" (5) 
 
Y is our dependent outcome variable, indexed by subarea-depth zone, month, and year; ! is the 

coefficient on a dummy variable, !, indicating the presence of persistent hypoxia (present in 

both summer and fall), which is indexed by subarea-depth zone, month, and year; γ is the 

coefficient on a dummy variable, !, indicating the presence of seasonal hypoxia (present in 

summer), which is indexed by subarea-depth zone, month, and year; !! is a series of month-

specific dummy variables; !! is a series of year-specific dummy variables, !! ∗ !! is a series of 

month-year interaction dummy variables;  !""#$%!"# represents the number of fishing days 

expended by a vessel and is indexed by subarea-depth zone, month, and year; !! is a series of 

subarea-depth zone dummy variables; and !! ∗ !! is a series of year-subarea-depth zone 

interaction dummy variables.  !!" is the error term of this regression, which will pick up variation 

in catch not attributable to other terms in this model. 

                                                
8 ! !!(1) − !!(0)|! = 0  
9 ! !!(1) − !!(0)|! = 1  
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To ensure that we are getting a valid estimate of the treatment effect, hypoxia, we can verify 

that the model listed above gives us proper estimates of ! and ! by looking at a stylized 

example.  Essentially, we seek to difference out all variation except for that which is attributable 

to hypoxia.  To do this, we take 7 differences of coefficient estimates to yield a valid estimate of 

! and !.  In this stylized model, we consider within and between zone differences over 2 years: a 

base year Y = 0, and Y = 1 for two subarea-depth zones, i and j.  We also consider within and 

between zone differences for two different months, M, within a given year: M = 6, which is the 

“high hypoxic” season, a time of year when zone i is hypoxic (N = 1), and M = 2, which is the 

“low hypoxic” season, a time of year when we do not expect either zone to be hypoxic (N = 0).  

The combination of all these differences yields estimates of ! and !, which I verify using !, or 

seasonal hypoxia. 

The first three differences are for zones i and j in the “high hypoxic” season, or M = 6; one of 

these zones is hypoxic in a base year (Y = 0).  We assume that depth zone i is hypoxic in Y = 0.   

For zones i and j, we difference between two time periods within each zone in the high hypoxic 

season (differences 1 and 2, shown in equations 6 and 7).  We then take the difference of these 

differences (difference 3, shown in equation 8).  The first difference is for coefficient estimates 

for a given zone-depth, i in the summer (hypoxic season), or M = 6, when the zone-depth is 

hypoxic (N = 1) in a base year (Y = 0) and coefficient estimates for this same zone-depth in the 

hypoxic season when zone-depth is not hypoxic (N = 0) the following year (Y = 1), which are 

contained in Table 1. 

  



 

 20 

Table 1. Coefficient estimates for M = 6 

Name M N Y i Coefficient Estimate 

Hypoxic, High Season 6 1 0 i !! + ! + !! + !! + !! + !!!""#$%!!" + !!" + !!! 

Not Hypoxic, High Season 6 0 0 j !! + !! + !! + !! + !!!""#$%!!" + !!" + !!! 

Not Hypoxic, High Season 6 0 1 i !! + !! + !! + !! + !!!""#$%!!" + !!" + !!! 

Not Hypoxic, High Season 6 0 1 j !! + !! + !! + !! + !!!""#$%!!" + !!" + !!! 

 
We plug this information into equation 5 above to yield coefficient estimates (in Table 1) for 

subarea-zone depth i and j in both time periods and difference the coefficient estimates for depth 

zone i to yield our first difference (which is shown below having dropped several terms): 

−! + (!! − !!) + !!(∆!""#$%!!) + (!!" − !!") + (!!! − !!!)  (6) 

Following the same procedure described above for depth zone j, we get our second difference: 
  

(!! − !!) + !!(∆!""#$%!!) + (!!" − !!") + (!!! − !!!)   (7) 

Taking the difference of these two differences (equations 6 and 7) yields our third difference: 
 

! + !! (∆!""#$%!! − (∆!""#$%!!)] + [(!!! − !!!) − (!!! − !!!)]  (8) 
 
Equation 8 is our DD estimate of hypoxia.  It will yield an average estimate of outcome variables 

for subarea-depth zones that switch from being non-hypoxic to hypoxic (treatment zones) 

relative to zones that have never switched (control zones) for all years, holding constant other 

variables.  We see that equation 8 includes a number of other terms; to yield a valid estimate of 

hypoxia that does not include other confounding factors we need to difference out additional 

terms, namely the [(!!! − !!!) − (!!! − !!!)] term.  We do this because we may be worried about 

exogenous shocks that just happen to occur in years when a zone is hypoxic and we don't want 

these shocks incorrectly assigned to hypoxia.  To do this, this we need a DD estimate for 

treatment and control zones in a non-hypoxic month (M = 2), which captures those year-zone-

depth specific shocks. 
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Our second DD estimate will be for zones i and j in the “off” season, or M = 2; when we do 

not expect hypoxia in any year in either zone.  For both zones, we again difference within a zone 

between two time periods in the “low” or non-hypoxic season, M = 2 (differences 4 and 5, 

shown in equations 9 and 10, respectively).  We then take the difference of these differences in 

the non-hypoxic season (difference 6, shown in equation 11). 

Table 2. Coefficient estimates for M = 2 

Name M N Y i Coefficient Estimate 

Not Hypoxic, Off Season 2 0 0 i !! + !! + !! + !! + !!!""#$%!!" + !!" + !!! 

Not Hypoxic, Off Season 2 0 0 j !! + !! + !! + !! + !!!""#$%!!" + !!" + !!! 

Not Hypoxic, Off Season 2 0 1 i !! + !! + !! + !! + !!!""#$%!!" + !!" + !!! 

Not Hypoxic, Off Season 2 0 1 j !! + !! + !! + !! + !!!""#$%!!" + !!" + !!! 

 
(!! − !!) + !!(∆!""#$%!!) + (!!" − !!") + (!!! − !!!)  (9) 

(!! − !!) + !!(∆!""#$%!!) + (!!" − !!") + (!!! − !!!)  (10) 

!! (∆!""#$%!! − (∆!""#$%!!)] + [(!!! − !!!) − (!!! − !!!)] (11) 

The final difference is differencing equations 11 and 8, which should yield the valid estimate 

of our coefficient of interest, !: 

! + !! (∆!""#$%!! − (∆!""#$%!!)] + !! (∆!""#$%!! − (∆!""#$%!!)]    (12) 

The equation above is our differences-in-differences-in-differences (DIDID) estimator, or the 

difference between two DD estimators.  When the terms following !, which represent the change 

in effort in the two zones, i and j, are close to zero, we get an estimate of ! that is close to the 

true treatment effect.  Equation 12 is similar to what we can expect when we include effort in our 

regression models as a covariate on the right hand side of the equation when our dependent 

variable is catch or revenue conditioned on effort indexed by year, month, and subarea-depth 

zone.  When effort is an outcome as part of CPUE and revenue per unit effort (RPUE), the 
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estimate of ! is the true treatment effect of hypoxia.  Estimating this model is possible only 

because of variation in hypoxic conditions over time; zones turning “on” (hypoxic) and “off” 

(non-hypoxic) over time are the source of the variation we exploit.  Maps using SEAMAP 

hypoxia data and ArcGIS 10, clearly show the switching of zones “on” and “off” in Appendix I. 

3.2 Summary of Model Considerations and Potential Pitfalls 

As discussed in the Introduction, we expect environmental changes due to hypoxia to have an 

effect on population dynamics of brown shrimp, which would subsequently affect the behavior 

of commercial fishermen and be reflected in outcome variables such as catch and revenue.  We 

consider some of the general challenges with estimating the effect of hypoxia on economic 

outcomes, and the theorized outcomes because both inform the development of our models. 

3.2.1 General Challenges 

 Policies.  Statistical subareas 11-21 (which are the focus of this analysis) encompass waters 

under the jurisdiction of four states: TX, LA, AL, and MS, and federal waters out to 200 nmi.10  

Each Gulf state and the federal government have policies in place related to the brown shrimp 

fishery.  Some of these policies change over time, and many of them affect outcome variables of 

interest.  Coastal TX provides natural control zones for the hypoxic waters of LA because 

dissolved oxygen levels are generally above the threshold for hypoxia.  However, the state of TX 

has an annual closure in place that does not permit straightforward comparisons with other 

subarea-depth zones.  Since 1981, TX has worked with NOAA to close state and corresponding 

federal waters to shrimp fishing at certain times during the year with the intention of letting the 

stock recover (Zimmerman and Nance, 2001).  Given that fishery policies differ by state, the net 

effect of the TX closure on the quantity and size of different shrimp species harvested could 

                                                
10 See Appendix D for a map of the Gulf statistical subareas. 
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confound our analysis.  We must account for this difference to ensure that the effect of the 

closure is not part of the estimated effect of hypoxia on outcomes of interest.  Although the TX 

closure is the best-known (and perhaps most-studied) closure, we also need to consider policies 

in other states that could potentially impact our outcome variables of interest (discussed in 

greater detail in Section 3.3.3). 

Subarea-State Jurisdiction.  Subarea does not perfectly align with the boundaries delineating 

state territorial waters and the federal EEZ.  For example, statistical subarea 17 has shared 

jurisdiction between Louisiana and Texas, and subarea 11 has shared jurisdiction between 

Louisiana and Mississippi (Personal communication with J. Nance, 23 February 2011).  The data 

used in this analysis assigns information about catch, revenue, and effort to a subarea-depth 

zone, based on the determination of port agents and interviews with fishermen (Nance et al., 

2006).  When we attempt to account for policy differences between states and differences within 

state waters and federal waters over time, we will need to assign subarea-depth zones to different 

Gulf states and assume that the state policies are affecting the areas assigned to them.  This may 

or may not be a good proxy for the actual extent of state waters. 

Shrimp Growth and Movement.  As discussed in Section 2.5 and illustrated in Figure 2, 

brown shrimp are an annual crop that move around the Gulf.  These shrimp are different sizes at 

different stages of their life cycle and occupy different areas of the Gulf depending on the stage 

of their life cycle.  If shrimp growth and movement is not accounted for in our regressions, this 

may confound our analysis; we might wrongly attribute the presence of smaller shrimp to 

hypoxia instead of the natural life cycle and movement of shrimp. 

Effort.  Effort obviously influences catch, so we include it in our models in two ways: first, as 

a covariate on the right hand side of the equation when our dependent variable is catch or 
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revenue and second, on the left hand side of the equation when our dependent variable is CPUE 

or RPUE.  When effort is on the right hand side, it should be exogenous - i.e. something that isn't 

co-determined with our dependent variables.  If effort were co-determined, it would be correlated 

with the error term of the regression and the dependent variables, and our coefficient estimates 

would be biased.  At a daily level, assuming exogeneity makes sense, because the choice of how 

much effort to expend is a function of past catch and other pre-determined variables, but is not a 

function of today's catch.  In the monthly panel used in this analysis, we may be more concerned 

about effort and catch being jointly determined, so we model effort on the left hand side as part 

of the outcome variables CPUE and RPUE. 

3.2.2 Theorized Outcomes 

The effect of hypoxia on shrimp and shrimp populations is detailed in Section 2.3, but I 

briefly review the key points because this has informed the development of our model and the 

hypothesized outcomes.  First, given the impact of hypoxia on shrimp, including changes in 

metabolic functions that may have an impact on growth rates, we might expect to see smaller 

shrimp in hypoxic areas.  Second, the impact of moderate hypoxia on population level suggests 

that shrimp cluster together inshore and offshore of the hypoxic zone; we expect the commercial 

fishery to target these areas (Craig and Crowder, 2005).  If this is the case, in the short-term we 

expect catch to go up because these shrimp are less dispersed and thus easier to catch.  We might 

also expect effort to increase, because the shrimp are easier to catch and fishermen expend 

greater effort to increase revenues.  But in areas with persistent and severe hypoxia, we expect 

catch to decrease due to mortality and/or avoidance behavior.  Fourth, as Huang (2009) and 

others have observed, the relationship between hypoxia and fishing outcomes is complex, thus, 
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we may not expect to see the effects of hypoxia immediately; employing lags would account for 

the potentially delayed effect of hypoxia on our outcomes of interest. 

3.3 Data Overview 

NMFS has a database of daily landings for brown shrimp dating back to the 1960s.  A 

monthly panel for brown shrimp commercial landings between 1997 and 2004 was generated by 

aggregating key variables of interest, including catch, shrimp size, number of fishing days, 

revenue, vessel characteristics, and subarea and depth zone.  These data are reported in a number 

of ways: via trip ticket, by port agents, or collected from interviews with the vessel crew (Nance 

et al. 2006).  Additional information on weather conditions, diesel price, the consumer price 

index, and real shrimp price was gathered and, in some cases, used to generate additional 

variables.11  This monthly panel (hereafter called the NMFS dataset) was later combined with 

data on hypoxia from the Southeast Area Monitoring and Assessment Program (SEAMAP). 

3.3.1 NMFS Data Overview 

One key variable of interest, catch, indicates the monthly heads-off catch, in pounds, of 

brown shrimp caught by the Gulf commercial shrimp fishery.12  The total reported monthly catch 

is broken into shrimp classes, which are related to shrimp size as it is measured by the number of 

shrimp per pound.  NMFS receives information about market sizes, or counts, i.e. 15-20 count 

(per pound).  The lower and upper bounds of the market size estimate are recorded as variables 

size1 and size2, respectively.  Class size is then assigned by plugging in size1 and size2 into the 

formula [(size1 + size2) / 2] + 0.5 and determining where the number calculated using this 

                                                
11 Zimmerman, Nance and Williams (1997) also use data from the NMFS database, and rightly caution readers that 
these data were not collected specifically for an analysis of the impact of hypoxia on catch.  
12 Nance et al. (2006) note that in Texas, dealers combine pink and brown shrimp together as brown shrimp 
landings; unfortunately there is no way of knowing the extent to which pink shrimp incorporated in numbers of 
brown shrimp (Personal communication with J. Nance, 23 February 2011). 
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formula falls in pre-assigned bins.13  Catch classified as “class 1” represents the largest 

individual shrimp, and thus, the fewest number of shrimp per pound.  Number of fishing days is 

our measure of effort in the brown shrimp fishery.  Number of hours fished during a given trip 

are totaled and divided by 24 to obtain the actual days fished to the nearest tenth of a day.  

Shrimp price is calculated by dividing revenue by catch (to get price per pound), averaging them 

by month-year and then normalizing using the consumer price index (CPI) to get real shrimp 

price. 

All of this information is assigned a spatial location in the form of a subarea-depth zone.  

Subarea refers to a series of defined zones used by NOAA to facilitate statistical analysis of 

fisheries data.  Depth zone refers to five “bands” hugging the shoreline spaced apart in 10-

fathom increments.  A map of all subareas and depth zones is located in Appendices C and D.  

The assignment of a daily observation to subarea and depth zone comes from commercial fishing 

vessels reporting the location of shrimping, either via trip ticket, interviews or port agent 

determination (Nance et al., 2006).  Table 3 contains a general description of key variables in the 

NMFS dataset. 

Several issues with the daily data complicate this picture.  Some observations at the daily 

level lack information about boat characteristics, which may be a function of what method or 

combination of methods (interview, trip ticket, port agents) were used to collect the data.  In the 

aggregated monthly panel, catch and associated variables are split into 3 sets of variables.  The 

variable catch_1 and associated variables (class, number of fishing days, revenue, and vessel 

characteristics) exclude observations that are missing any vessel characteristics.  If we add up all 

                                                
13 The bins used by NMFS are: class 1, less than 15; class 2, greater than or equal to 15 and less than or equal to 20; 
class 3, greater than or equal to 20 and less than or equal to 25; class 4, greater than or equal to 25 and less than or 
equal to 30; class 5, greater than or equal to 30 and less than or equal to 40; class 6, greater than or equal to 40 and 
less than or equal to 50; class 5, greater than or equal to 50 and less than or equal to 67; class 8, greater than or equal 
to 67.  Class 9 is referred to as “pieces.” 
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values of catch_1 in a given year, we get a much lower number of shrimp in pounds than what 

we would expect given the size of the fishery reported elsewhere.  Thus, we created a variable, 

catch_2, which does not exclude observations missing boat characteristics, and generated 

variables associated with catch_2 (class, number of fishing days, and revenue) drawing from this 

same pool of observations.  Catch_2 and associated variables also exclude observations with 

fishing effort equal to zero.  Unfortunately, some observations with fishing days equal to zero 

also have catch greater than zero. To account for this, a third catch variable, catch_3, was 

created.  Catch_3 and associated variables do not exclude observations missing vessel 

characteristics and include daily observations.  The main differences between these three 

different variables relates to the subset of daily data being used to aggregate into the monthly 

panel, which are summarized in Figure 5.  We use catch_2 and associated variables for the 

analysis performed in this paper. 

Figure 5. Catch variables 

 

  

Catch_3  Catch and other associated variables contain observations with some missing 
vessel characteristics and observations with fishing days equal to zero.   

Catch_2  Catch and other associated variables contain observations with some missing 
vessel characteristics.  Excludes observations with fishing days equal to zero. 

Catch_1  Catch and other associated variables excludes observations if any vessel 
characteristics are missing. 
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Table 3. Variable list (NMFS)14 

Variable Name Variable Definition 
Year year  

Month monthu  
Subarea subarea Statistical subarea, i = 1, 2…21.  Subarea 12 is 

excluded due to lack of data 
Depth Zone depth Depth zone, i = 1, 2…5; zones are divided up into 10-

fathom increments 
Subarea and Depth 
Unique Identifier 

(within year) 

zone_depth A combination of the subarea and depth zone 
variables, separated by a “_” 

Catch catch “Heads off” quantity of brown shrimp landed in 
pounds 

Log(Catch) ln_catch Generated by adding 1 to catch and taking the natural 
log of the result (to ensure that observations with 
catch = 0 do not pose a problem to this 
transformation) 

Revenue revenue Value of pounds of shrimp landed, in US dollars 
(real) 

Log(Revenue) ln_rev Generated by adding 1 to revenue and taking the 
natural log of the result (to ensure that observations 
with revenue = 0 do not pose a problem to this 
transformation) 

Fishing Days fishingdays Days (24-hour periods) fished; the hours fished during 
a given trip are totaled and divided by 24 to obtain the 
actual days fished to the nearest tenth of a day 

Log(Fishing Days) ln_effort Generated by adding 1 to fishingdays and taking the 
natural log of the result (to ensure that observations 
with fishingdays = 0 do not pose a problem to this 
transformation) 

Class class1 – class9 Multiple class variables assume the value of catch (in 
pounds) depending on the size of the shrimp for a 
particular observation 

Real Shrimp Price real_shrimp_price Generated by dividing revenue by catch to get price 
per pound, averaging these numbers by month-year, 
and normalizing using CPI to get real shrimp price.  
Measured in US dollars (real) 

Catch Per Unit 
Effort 

cpue Generated by dividing catch by fishing days 

Log(Catch Per Unit 
Effort) 

ln_cpue Generated by taking the natural log of cpue 

Revenue Per Unit 
Effort 

rpue Generated by dividing revenue by fishing days 

 

                                                
14 Note that variables year, month, subarea depth zone, subarea-depth zone, wave height, wind speed, diesel price, 
real shrimp price and consumer price index are the same for all three catch variables/associated variables described 
in Figure 5.  There are a number of variables related to vessel characteristics in the NOAA data, but I do not detail 
them here. 
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Log(Revenue Per 
Unit Effort) 

ln_rpue Generated by taking the natural log of rpue 

Texas Zones tx_zone Dummy variable; assumes a value of 1 if subareas are 
off the coast of TX (subareas 17-21)15 

TX Closure, May tx_zone_closed_may Dummy variable; assumes a value of 1 if subareas are 
off the coast of TX (tx_zone = 1) and monthu = 5 

TX Closure, June tx_zone_closed_june Dummy variable; assumes a value of 1 if subareas are 
off the coast of TX (tx_zone = 1) and monthu = 6 

TX Closure, July tx_zone_closed_july Dummy variable; assumes a value of 1 if subareas are 
off the coast of TX (tx_zone = 1) and monthu = 7 

Wave Height* wvht Obtained from the National Data Buoy Center 
website.  Measured in knots (kts) 

Wind Speed* wspd Obtained from the National Data Buoy Center 
website.  Measured in feet (ft) 

Diesel Price* diesel_price Monthly data on spot prices for ultra-low-sulfur no. 2 
diesel fuel in the US Gulf Coast obtained from the US 
Energy Information Administration (EIA) website.  
Measured in US dollars (real) per gallon 

Consumer Price 
Index* 

cpi Monthly data on consumer price index (CPI) for all 
urban consumers (US city average) from Bureau of 
Labor Statistics website 

*These variables, unlike all other variables in this table, do not correspond to a particular “set” of catch 
observations. 

3.3.2 SEAMAP Data Overview 

We also utilize data from SEAMAP, which deploys monitoring vessels to measure (among 

other things) dissolved oxygen at sampling stations in the summer (June and July, or months 6 

and 7) and fall (October and November, or months 10 and 11).  These data consist of dissolved 

oxygen measurements for most Gulf subarea-depth zones in mg/l, latitude, and longitude from 

1987 to 2004.16 These data were imported into ArcGIS 10 and spatially joined to polygon layers 

from NOAA of Gulf subarea-depth zones17 to obtain information about dissolved oxygen content 

in each subarea-depth zone over time and exported as a STATA data file format. 

                                                
15 Subarea 17 is divided between TX and LA, but for the purposes of this analysis, we assume all of this subarea is 
part of the TX closure. 
16 The summer data go from 1982-2004 and the fall data go from 1987-2004.  Prior to 1987, there were changes in 
gear, coverage, collection of environmental data and sampling design.  Another important note is that the SEAMAP 
data is designed as a fishery survey; its primary purpose is not to monitor hypoxia. 
17 The NOAA polygon layer has five depth zones, numbered 1-5.  Depth zone 1 encompasses 0-10 fathoms, depth 
zone 2 encompasses 10-20 fathoms, depth zone 3 encompasses 20-30 fathoms, depth zone 4 encompasses 30-40 
fathoms, and depth zone 5 encompasses greater than 40 fathoms.  A map of these depth zones is located in 
Appendix C. 
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Using the SEAMAP data, we generated several measures of hypoxia.  First, two dummy 

variables were generated: zone_hypoxia and zone_hypoxia2.  Zone_hypoxia, or “mean 

hypoxia,” assumes a value of 1 if the mean dissolved oxygen concentration is less than 2 mg/l.  

Zone_hypoxia2, or “any hypoxia,” takes a value of 1 if any observation in a given subarea and 

depth zone has a measured dissolved oxygen concentration of less than 2 mg/l.  We also 

generated a mean dissolved oxygen concentration for each subarea-depth zone in each year, 

created a variable denoting the number of hypoxia observations in each subarea-depth zone in 

each month per year, and calculated the percentage of these observations with a dissolved 

oxygen concentration below 2 mg/l.  Although we have four months of hypoxia observations in 

each year, due to a lack of data in some subareas for both months in summer and fall, we have 

grouped together observations from months 6 and 7 and months 10 and 11.  That is, the “mean” 

and “any” measures of hypoxia are the same for both months in summer and both months in fall.  

This decreases the amount of variation in hypoxia available to us when we run our regression 

models because we have only two snapshots of hypoxic conditions in the Gulf each year. 

The SEAMAP data and NMFS dataset were merged on year, subarea, depth zone, and 

season, a dummy variable for both the SEAMAP and NMFS datasets set equal to one for 

“summer” (if month was 6 or 7) and zero for “fall” (if month was 10 or 11).  Additional variables 

were generated; these are listed in Table 4.  The variable imputed_hypoxia contains our best 

guess for the months lacking hypoxia data.  A full description of how the values in this variable 

were generated is contained in Appendix F.  We also generate two measures of hypoxia intended 

to capture the severity and temporal aspects of hypoxia: persistent hypoxia (p_hyp) and seasonal 

hypoxia (np_hyp).  Persistent hypoxia takes a value of 1 for months 5-11 if hypoxic conditions 

are present in both the summer and fall; seasonal hypoxia takes a value of 1 for months 5-8 if 
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hypoxic conditions are only present in the summer.  These two variables are the measures of 

hypoxia we ultimately use in our regression models. 

We cannot deal with lags directly because we only have two annual snapshots of hypoxic 

conditions in the Gulf and have limited data for each subarea-depth zone in the four months 

sampled: June, July, October and November.  However, in defining the persistent and seasonal 

hypoxia variables, we are making a “best guess” about hypoxic conditions in other months.  For 

example, when we impute values of hypoxia for May or August, it’s possible that catch in these 

months is being affected by concurrent, lead, or lagged effects of hypoxia.  These variables are 

absorbing these lead, lagged and/or concurrent effects even though we don’t include lags directly 

in the model. 

Table 4. Variable list (SEAMAP) 

Variable Name Variable Definition 
Mean Dissolved Oxygen 

Concentration 
dissolved1 Mean dissolved oxygen (mg/l) for all 

observations in each subarea-depth zone  
Number of observations 

for each zone_depth 
numb_obs Number of observations in each zone_depth in a 

given year 
Hypoxia (Percent) hypoxia Fraction of observations in a given zone_depth in 

a given year with dissolved oxygen < 2 mg/l 
Hypoxia (Mean) zone_hypoxia Dummy variable; assumes a value of 1 if the 

mean dissolved oxygen concentration across all 
observations in a given zone_depth in a given 
year is less than 2 mg/l 

Hypoxia (Any) zone_hypoxia2 Dummy variable; assumes a value of 1 if any 
observation in a given zone_depth in a given year 
has a dissolved oxygen concentration less than 2 
mg/l 

Season season Dummy variable; assumes a value of 1 if month 
is 6 or 7; 0 if month is 10 or 11 

Imputed Hypoxia imputed_hypoxia Dummy variable; imputes the hypoxic condition 
for a given zone_depth in a given year based on 
available hypoxia data in those same zone_depths 
for months 6, 7, 10 and 11. Appendix F contains 
a full discussion of how this variable was 
generated 
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Persistent Hypoxia p_hyp Dummy variable; assumes a value of 1 for 
months 5-11 if zone_hypoxia2 is equal to 1 for 
months 6 and 7 and zone_hypoxia2 is also equal 
to 1 for months 10 and 11 in a given zone_depth 
in a given year; for all other months, value = 0 

Non-Persistent (Seasonal) 
Hypoxia 

np_hyp Dummy variable; assumes a value of 1 for 
months 5-8 if zone_hypoxia2 is equal to 1 for 
months 6 and 7 and zone_hypoxia2 is equal to 0 
for months 10 and 11 in a given zone_depth in a 
given year; for all other months, value = 0 

 

3.3.3 State and Federal Policies 

Information about state and federal policy closures was obtained by internet research on state 

agency, NOAA, NFMS, and GSMFC websites as well as personal communication with a number 

of fishery experts and officials at the state and federal level.18  These conversations indicated that 

the best place to obtain comprehensive information about state regulations over time is the 

GSFMC website, which contains summaries of marine fishing laws and regulations for Gulf 

states from 1994-2010.  The study period is limited to 1997-2004 due to changes in the way the 

laws and regulations are reported in these law summaries.  Although the summaries provide 

fairly comprehensive information about laws and regulations pertaining to brown shrimp, some 

important information is missing.  Follow-up e-mails were sent to state officials in an attempt to 

obtain missing information, particularly information related to the timing of the commercial open 

season in the summer.19  This information was organized into spreadsheets in an attempt to 

identify significant changes in policy over time that would potentially confound the estimation of 

the effect of hypoxia on catch.    

                                                
18 I checked the comprehensiveness of my spreadsheets via communication with J. Nance at NOAA/NMFS and 
fisheries officials from AL, LA, MS and TX. 
19 Lack of responses from state officials and lack of online information about the actual dates of the commercial 
seasons over time makes it, at this point, impossible to know the extent to which the commercial open seasons vary 
by year, although information about the specific opening and closing dates in recent years is available online.  For 
example, the language in Mississippi’s 1997 law summary states that “shrimp season [will be] opened by public 
notice that such a time that the MS Department of Marine Resources has determined that the shrimp have reached 
legal size (statistically probable in the second week of June).”   
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Table 5 provides an overview of the broad categories of regulations in place in each state 

from 1997-2004; I refrain from going into detail about each regulation because, for the purposes 

of this analysis, we are more interested the extent to which these regulations change over time, 

which affects our outcome variables and may influence if (and if so, how) we need to make 

adjustments to our models to account for these changes. 

Though the classification is fairly arbitrary, I assigned each broad category one of three 

labels: “no change,” “small change,” and “significant change,” to get an idea of what 

adjustments we may need to make to our models.  The count restrictions are quite similar 

(generally 68-count or less per pound), as are the quantity limits; all but AL do not have quantity 

limits for commercial shrimp fishing.  Most of the time-area closures are inshore, where 

commercial fishing generally does not occur.  Fees and permits vary significantly depending on 

state, but it is unclear the extent to which this has an influence on catch and other outcomes of 

interest.  As the table below makes clear, the majority of the regulations do not change over time, 

meaning we can be fairly confident that, aside from the TX closure, we would not expect these 

changes to have a significant effect on outcomes of interest. 

  



 

 34 

Table 5. Summary of state laws and regulations 

State Regulation Type Change Over Time? 

Louisiana 

License fees No change 
Gear specifications No change 
Gear restrictions Small change 
Quantity limit No change 
Count restrictions No change 
Commercial open season Information not available 

Alabama 

License fees No change 
Commercial open season Information not available 
Count restrictions No change 
Permit Small change 

Mississippi 

License fees Small change 
Time-area closure for trawling Information not available 
Commercial open season Information not available 
Gear restrictions No change 
Count restrictions No change 

Texas 

Commercial open season Information not available 
Gear restrictions Small change 
Count restrictions Small change 
Annual closures See Table 6 

 

3.3.4 The TX Closure 

The cooperative TX closure is a joint time-area closure between the state of Texas and the 

federal government; a map showing the extent of the closure is contained in Appendix G. Since 

1981, shrimping in state and federal waters out to 200 nmi off the coast of Texas has been 

prohibited (Nance, 2010).  Table 6 indicates the start and end dates for the cooperative closure as 

well as the duration of the closure.  The primary goals of this closure are “to increase the yield of 

brown shrimp and eliminate the waste of the resource caused by discarding undersized shrimp 

caught during a period in their life cycle when they are growing rapidly,” resulting in 1) larger 

shrimp and 2) higher market value (Nance, 2010, p.2).  Although there are other several other 

closures in TX territorial waters, this cooperative closure (hereafter called the TX closure) seems 

to be the most consequential for this analysis (Personal communication with J. Nance, 17 

September 2010).  Because the goal of the closure is to affect catch, we need to control for the 
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effects of the closure on catch in our models to ensure that our estimate of the effect of hypoxia 

does not include effects attributable to the TX closure. 

Table 6. Summary of TX-federal cooperative closure, 1997-200420 

Year Start Date End Date Number of Days 
1997 May 15 July 15 60 
1998 May 15 July 8 54 
1999 May 15 July 15 60 
2000 May 11 July 5 55 
2001 May 15 July 8 58 
2002 May 15 July 15 60 
2003 May 15 July 15 60 
2004 May 15 July 15 60 

 

4. Results 

4.1 T-Test Results 

Prior to estimating our model, we should examine differences between control and treatment 

subarea-depth zones across all years in summer and fall.  Control and treatment are defined by 

whether or not the variables persistent and seasonal hypoxia take a value of 1 or 0, indicating the 

presence of hypoxia (treatment) or lack of hypoxia (control), respectively.  All of these estimates 

exclude subarea-depth zones for which we lack data about hypoxia, which is about 11% of all 

observations in all years in summer and 5% of all observations in all years in fall.  Looking first 

at differences in control and treatment zones in summer, the results in Table 7 indicate that select 

vessel characteristics (gross tons, net tons, and horsepower) significantly differ between control 

and treatment zones at the 5% or 1% significance level.  Both measures of weather conditions, 

wave height and wind speed, are also significantly different in control and treatment zones at the 

5% and 1% significance level, respectively (Table 8). 

  

                                                
20 This data was obtained from Fuis (2001) and from personal communication with L. Robinson. 
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Table 7. Vessel characteristics in control and treatment zones for months 6 & 7 

Variables Control Treatment t-value p-value 
Gross Tons 63.94214 

(2.464156) 
51.67234 

(3.474495) 
2.6894 0.0073*** 

Net Tons 42.60323 
(1.659407) 

34.96303 
(2.29321) 

2.4974 0.0127** 

Length 40.41093 
(1.494823) 

38.2414 
(2.235524) 

0.7736 0.4394 

Ship Age 12.36655 
(0.5119509) 

11.25684 
(0.7549662) 

1.1591 0.2468 

Horsepower 132.7684 
(6.562929) 

84.24639 
(8.825155) 

4.0327 0.0001*** 

Notes: Numbers in parenthesis are the estimated standard errors.  * = statistically significant at 0.10, ** = statistical 
significant at 0.05, and *** = statistically significant at 0.01 
 
Table 8. Weather conditions in control and treatment zones for months 6 & 7 

Variables Control Treatment t-value p-value 
Wave Height -55.34891 

(7.378846) 
-87.1867 
(10.6696) 

2.3176 0.0208** 

Wind Speed 186.4439 
(5.176114) 

149.1677 
(8.665359) 

3.7287 0.0002*** 

Notes: Numbers in parenthesis are the estimated standard errors.  * = statistically significant at 0.10, ** = statistical 
significant at 0.05, and *** = statistically significant at 0.01 
 

Estimates of average catch and real shrimp price in the control and treatment subarea-depth 

zones differ significantly at the 1% level (Table 9).  Our measure of effort, fishing days, and 

revenue are significantly different at the 10% significance level.  Research suggests that shrimp 

cluster together in the presence of hypoxia; this response could account for the significantly 

higher catch and revenue in treatment zones as well as the lower number of fishing days.  If 

shrimp cluster together and are easier to catch, effort expended to catch a given number of 

shrimp may be reduced relative to a situation where shrimp are dispersed.  Real shrimp price is 

significantly lower in treatment zones; we know that on average, catch in pounds is higher, so 

this result could be attributable to larger quantities of smaller shrimp, which fetch a lower market 

price.  We can evaluate this conclusion by looking at differences in the distribution of catch by 

shrimp size in Table 10. 
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Table 9. Outcome variables in control and treatment zones for months 6 & 7 

Variables Control Treatment t-value p-value 
Catch 2332.178 

(271.2526) 
5495.042 
(707.964) 

-5.1043 0.0000*** 

Revenue 8588.194 
(981.285) 

12016.96 
(1572.26) 

-1.8307 0.0676* 

Fishing Days 333.124 
(27.09288) 

245.9635 
(34.96602) 

1.7688 0.0774* 

Real Shrimp Price 7.225635 
(0.2050318) 

4.273069 
(0.3003127) 

7.8515 0.0000*** 

Notes: Numbers in parenthesis are the estimated standard errors.  * = statistically significant at 0.10, ** = statistical 
significant at 0.05, and *** = statistically significant at 0.01 
 
Table 10. Catch by class size for control and treatment zones in months 6 & 7 

Variables Control Treatment t-value p-value 
Class 1 

(Largest) 
124.7926 

(13.88401) 
48.02083 

(22.47989) 
2.8891 0.0040*** 

Class 2 210.5174 
(57.95473) 

35.08854 
(17.02118) 

1.8347 0.0670* 

Class 3 155.7733 
(45.0052) 

98.48438 
(75.34717) 

0.6591 0.5101 

Class 4 182.3934 
(46.62551) 

27.29688 
(12.89079) 

2.0176 0.0440 

Class 5 681.907 
(151.6461) 

150.0313 
(88.61568) 

2.0898 0.0370** 

Class 6 260.4787 
(68.07711) 

221.3594 
(87.34741) 

0.3163 0.7519 

Class 7 220.7888 
(40.82977) 

925.4844 
(196.8842) 

-5.1295 0.0000*** 

Class 8 495.5271 
(120.44) 

3989.276 
(614.7426) 

-8.2509 0.0000*** 

Class 9 
(Smallest) 

0 0 -- -- 

Notes: Numbers in parenthesis are the estimated standard errors.  * = statistically significant at 0.10, ** = statistical 
significant at 0.05, and *** = statistically significant at 0.01 
 

Table 10 indicates that there are significant differences in quantity (in pounds) of different 

shrimp sizes between control and treatment subarea-zone depths.  Many of the class size 

variables are statistically significant at the 5% or 1% level; class 2 is significant at the 10% level.  

We see that class 1 (representing the fewest shrimp per pound, or the largest shrimp), is higher in 

control areas and statistically significant at the 1% level, which we might expect given hypoxia is 

thought to inhibit shrimp growth.  The pattern of higher average catch in control areas compared 
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to treatment areas holds for classes 2-6, but these results are statistically significant for classes 2 

and 5.  Differences in catch between treatment and control areas for classes 7 and 8 are 

significant at the 1% level; however, unlike the pattern for classes 1-6, for classes 7 and 8 catch 

in the treatment zones is higher.  The average catch in treatment areas for class 8, (the class, for 

which we have sufficient data, representing the smallest size of shrimp) is an order of magnitude 

higher than the average catch in control areas. 

When we look at the differences between control and treatment zones across all years in the 

fall, we would not expect to see significant differences, or at least fewer significant differences.  

That is, if we believe that the differences between control and treatment are at least partially 

attributable to hypoxia and the severity and extent of hypoxia is diminished in fall compared to 

summer, we would expect zones to be more similar.  Looking at vessel characteristics in the fall 

for control and treatment zones, we see that all but one of the variables are statistically 

significant at the 5% significance level, suggesting differences in vessels reporting catch in these 

zones. 

Table 11. Vessel characteristics for control and treatment zones in months 10 & 11 

Variables Control Treatment t-value p-value 
Gross Tons 49.0149 

(2.149332) 
30.98595 

(7.764573) 
2.0787 0.0380** 

Net Tons 31.6558 
(1.40212) 

22.62076 
(5.687196) 

1.5864 0.1131 

Length 30.46495 
(1.304446) 

19.16625 
(4.685788) 

2.1471 0.0321** 

Ship Age 9.181732 
(0.4410908) 

4.733476 
(1.232066) 

2.5251 0.0118** 

Horsepower 104.4997  
(5.507172) 

54.31945 
(19.26002) 

2.2617 0.0240** 

Notes: Numbers in parenthesis are the estimated standard errors.  * = statistically significant at 0.10, ** = statistical 
significant at 0.05, and *** = statistically significant at 0.01 
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Average wave height and wind speed in treatment and control zones are not significantly 

different from each other (Table 12), nor are any of the outcome variables that were significantly 

different between control and treatment zones in the summer (Table 13).  Differences among 

catch by class size follow this trend for the most part, although the difference in catch for class 8 

is highly significant (at the 1% level).  Although none of the differences in catch for other classes 

were statistically significant, average catch in control zones exceeded catch in treatment zones 

for classes 1-5, and class 7.  Average catch for class 6 was about two times higher in treatment 

zones than control zones, but this difference was not statistically significant (Table 14). 

Table 12. Weather conditions for control and treatment zones in months 10 & 11 

Variables Control Treatment t-value p-value 
Wave Height 317.0563 

(5.220074) 
320.3117 

(20.82153) 
-0.1537 0.8779 

Wind Speed 434.911 
(5.319198) 

456.9937 
(22.72178) 

-1.0185 0.3088 

Notes: Numbers in parenthesis are the estimated standard errors.  * = statistically significant at 0.10, ** = statistical 
significant at 0.05, and *** = statistically significant at 0.01 
 
Table 13. Outcome variables for control and treatment zones in months 10 & 11 

Variables Control Treatment t-value p-value 
Catch 1619.892 

(211.9604) 
524.7174 

(287.1516) 
1.3094 0.1908 

Revenue 8383.021 
(1023.585) 

1921.891 
(1006.233) 

1.6025 0.1095 

Fishing Days 294.9099 
(28.10247) 

73.34783 
(43.56551) 

1.9957 0.0463 

Real Shrimp Price 7.605419 
(0 .1799274) 

6.965887 
(0.9189017) 

0.7087 0.4790 

Notes: Numbers in parenthesis are the estimated standard errors.  * = statistically significant at 0.10, ** = statistical 
significant at 0.05, and *** = statistically significant at 0.01 
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Table 14. Catch by class size for control and treatment zones in months 10 & 11 

Variables Control Treatment t-value p-value 
Class 1 

(Largest) 
213.6507 

(22.87083) 
91.71739 

(61.24223) 
1.3366 0.1817 

Class 2 435.5183 
(89.72954) 

27.45652 
(17.02532) 

1.1567 0.2477 

Class 3 451.3549 
(90.83142) 

28.36957 
(28.36957) 

1.1844 0.2366 

Class 4 317.8451 
(78.17159) 

1.23913 
(0.9626778) 

1.0303 0.3032 

Class 5 110.2563 
(30.20596) 

65.13043 
(56.5757) 

0.3773 0.7060 

Class 6 44.16901 
(16.72168) 

81.23913 
(68.96978) 

-0.5452 0.5858 

Class 7 28.56056 
(11.68473) 

0 
 

0.6218 0.5343 

Class 8 18.53662 
(8.50179) 

229.5652 
(209.249) 

-3.3794 
 

0.0008*** 

Class 9 
(Smallest) 

0 0 -- -- 

Notes: Numbers in parenthesis are the estimated standard errors.  * = statistically significant at 0.10, ** = statistical 
significant at 0.05, and *** = statistically significant at 0.01 
 

The results from these t-tests for summer and fall suggest that there are more significant 

differences between treatment and control zones in the summer; specifically, that average catch 

and revenue are higher in hypoxic zones, while real shrimp price is much lower, suggesting that 

smaller shrimp comprise a larger proportion of catch in these zones.  Looking at differences in 

class size, this hypothesis seems to hold.  These simple statistical tests provide an idea of what 

we might expect to see in our DIDID model, but do not account for the many confounding 

factors so the results of the DIDID model may not be consistent with the t-test results. 

4.2 DIDID Estimates 

Using the data described in Section 3, we now estimate the effect of hypoxia using a DIDID 

estimator.  We have a number of outcome variables, including catch, revenue, catch per unit 

effort (CPUE), and revenue per unit effort (RPUE).  Because we have reason to think that effort 

is an outcome, we can include it as a dependent variable.  We can also run regressions with catch 



 

 41 

disaggregated by size of shrimp as our dependent variable to see if hypoxia has differential 

effects on different sizes of shrimp.21  Our base regression, which will yield the valid estimate of 

the effect of hypoxia on catch is: 

!!"# = !! + !!!"# + !!!"# + !!!! + !!!! + !!!! + !!!""#$% + !!"!! ∗ !! + !!"!! ∗ !! + !!" (15) 
 
The regressions presented in this paper are log-log because we know that the growth function of 

brown shrimp is exponential and expect the distribution of catch to be linear with a logarithmic 

transformation.  Additionally, all models presented in this paper have clustered standard errors 

for year and zone-depth because we can be fairly confident that within a year, observations in a 

given zone-depth are correlated.22 

Table 15 contains the results from the DIDID estimator for our outcome variables of interest.  

As discussed in Section 3, the coefficient on persistent or seasonal hypoxia for regressions with 

CPUE and RPUE as dependent variables yields the true treatment effect, so we focus on these 

results.  We see that the coefficients on seasonal hypoxia for the first four dependent variables 

are positive and highly significant at the 1% level.  Seasonal hypoxia appears to have the largest 

effect on catch; in the presence of seasonal hypoxia, catch increased by 80%.  The model 

estimates of average change for catch, revenue, CPUE and RPUE are for subarea-depth zones 

that have switched from not-hypoxic to hypoxic (treatment zones) relative to zones that have 

never switched (control zones) for all years, holding constant other variables.  Because we may 

be worried about exogenous shocks that happen to occur in years when a zone is hypoxic and we 

don't want these shocks incorrectly assigned to hypoxia, we have a second difference between 

treatment and control zones in non-hypoxic months of the year that captures those year-zone-

depth specific shocks. 

                                                
21 Class 9 is excluded because all observations for this variable in all years and subarea-zone depths are equal to 
zero. 
22 STATA option cluster() 
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Our estimates for CPUE and RPUE, which yield the true treatment effect, are 41% and 47% 

respectively, for persistent hypoxia.  Both of these estimates are statistically significant at the 1% 

level.  For seasonal hypoxia, the coefficient estimates somewhat lower for seasonal hypoxia; 

37% and 39% respectively.  The coefficients on effort for regressions with catch and revenue as 

dependent variables were highly significant and indicate that a 1% increase in effort results in a 

correspondingly large increase 119% and 146% for catch and revenue, respectively.  The 

positive coefficients on catch and CPUE align with study results indicating that shrimp cluster 

around hypoxic zones, which make them easier to catch. 

Table 15. DIDID estimates for catch, revenue, CPUE and RPUE 

 Coefficient Estimates 
Constant Persistent hypoxia Seasonal hypoxia Effort 

Model  
Catch 0.4264274** 

(0.2144958) 
0.6701843 

(0.2848305) 
0.8002766*** 
(0.1339948) 

1.192669*** 
(0.016365) 

Revenue 0.3909778* 
(0.208045) 

0.6390657*** 
(0.2388612) 

0.6289943*** 
(0.106779) 

1.466714*** 
(0.0148842) 

CPUE 0.1416703 
(0.1228305) 

0.4150057*** 
(0.1600137) 

0.3787974*** 
(0.07856) 

-- 

RPUE 0.1588629 
(0.148504) 

0.4797858*** 
(0.1861531) 

0.3980108*** 
(0.0875029) 

-- 

Effort 0.3290715 
(0.3592376) 

0.7506804 
(0.5397313) 

0.8482757*** 
(0.2606467) 

-- 

Notes: All models in this table include year, month, zone-depth, year-month interaction, and zone-depth-year 
interaction dummy variables.  Numbers in parenthesis are the estimated standard errors.  * = statistically significant 
at 0.10, ** = statistical significant at 0.05, and *** = statistically significant at 0.01. 
 

When we look at catch disaggregated by the size of shrimp caught (Table 16) the overall 

positive effect of hypoxia observed in our regression with total catch breaks down.  We regress 

catch by each class size on the same covariates as the models in Table 15 to see if hypoxia has 

differential effects on landings of shrimp of different sizes.  As discussed in Section 3.2.1, we are 

concerned that including effort on the right hand side of the equation may bias our coefficient 

estimates because we have reason to believe that for a monthly panel, effort is endogenous, and 
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thus correlated with our dependent variables and the error term.  We cannot generate CPUE for 

each class of shrimp because our measure of effort is not disaggregated by class size.23 

For seasonal hypoxia, we see a negative and highly significant effect (61%) for the largest 

shrimp (class 1); coefficients on seasonal hypoxia are consistently negative for regressions with 

classes 1-6 as dependent variables, and two of the coefficients are statistically significant.   We 

see a similar trend for coefficients on persistent hypoxia (negative for regressions with classes 1-

5 as dependent variables).  These results indicate that for zones with persistent and seasonal 

hypoxia, the quantity of larger shrimp caught is smaller.  In contrast, for the smallest shrimp, we 

see a large, positive, and highly significant coefficient on seasonal hypoxia, 148%, indicating 

that catch of smaller shrimp is much higher in areas with seasonal hypoxia.  This is precisely the 

result we expect given studies that indicate hypoxia can affect shrimp metabolism and growth.  

Table 16. DIDID estimates for catch disaggregated by class size 

 Coefficient Estimates 
Constant Persistent hypoxia Seasonal hypoxia Effort 

Model  
Class 1 (Largest) -0.0290836 

(0.2219478) 
-0.7761176** 
(0.3108012) 

-0.6137705*** 
(0.1494636) 

0.5659262*** 
(0.0201847) 

Class 2 0.2405694 
(0.2000041) 

-0.2632806 
(0.2330416) 

-0.1466218 
(0.1266482) 

0.3160423*** 
(0.019652) 

Class 3 0.0278737 
(0.2335602) 

-0.0724377 
(0.1952644) 

-0.2036232* 
(0.1211927) 

0.2543402*** 
(0.0202178) 

Class 4 0.0893879 
(0.199061) 

-0.2974358** 
(0.1508122) 

-0.1642133 
(0.1225059) 

0.2233617*** 
(0.0213157) 

Class 5 0.0406744 
(0.1408081) 

-0.0308896 
(0.2239104) 

-0.4073312*** 
(0.1435484) 

0.1766265*** 
(0.0163117) 

Class 6 0.0651062 
(0.0978275) 

0.0543269 
(0.1780613) 

-0.0285361 
(0.1188006) 

0.1199823*** 
(0.0121859) 

Class 7 0.587298*** 
(0.1819138) 

0.4719903 
(0.3201383) 

0.5932276*** 
(0.1931896) 

0.1598193*** 
(0.0154264) 

Class 8 (Smallest) 0.7759964* 
(0.4034063) 

1.486565** 
(0.6844625) 

1.515854*** 
(0.3248948) 

0.2598631*** 
(0.0251268) 

Notes: All models in this table include year, month, zone-depth, year-month interaction, and zone-depth-year 
interaction dummy variables.  Numbers in parenthesis are the estimated standard errors.  * = statistically significant 
at 0.10, ** = statistical significant at 0.05, and *** = statistically significant at 0.01. 
                                                
23 However, we can run the same regressions, excluding effort as a covariate, and compare the results for catch, 
revenue and class sizes (results in Appendix H).  The coefficient estimates are similar in terms of magnitude and 
significance. 
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The models above address many of the confounding factors described in Section 3.2.1.  The 

models reported in Tables 15 and 16 control for the effect of the natural shrimp life and growth 

cycle by including yearly and monthly dummy variables that absorb the effect attributable to 

year- and month-specific factors.  Because brown shrimp are an annual crop, yearly variation by 

will be accounted for with these variables.  However, we do not account for policy differences, 

such as the TX closure, with the model results shown above.  

As mentioned in previous sections of this paper, the TX closure may confound our estimates 

of the effect of hypoxia on catch because 1) the closure area, which is includes depth zones in 

subareas 17-21, is closed to fishing for the dates outlined in Table 6 and 2) the closure was 

enacted with the purpose of “protect[ing] small brown shrimp from fishing pressure until they 

reach a larger, more valuable size and to minimize waste caused by discarding smaller shrimp 

during gulf harvest” (Fuis, 2001).  We would like to capture these two effects by including 

regressors that capture everything that is different about Texas compared to other Gulf subareas 

in the summer open season. To ensure we have accounted for the effect of the TX closure in our 

model, we can add in four additional dummy variables24 that should absorb all the variation in 

catch attributable to differences between TX zones and other subareas throughout the year and 

differences between TX zones during the closure months (May, June, and July) and other 

subareas during these same months.   

  

                                                
24 These four dummy variables are described in Table 3. 
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Table 17. DIDID estimates for catch, revenue, CPUE and RPUE with TX closure dummies 

 Coefficient Estimates 
Constant Persistent hypoxia Seasonal hypoxia Effort 

Model  
Catch 0.4333732** 

(0.2125769) 
0.7388384*** 
(0.2827252) 

0.8694431*** 
(0.1377786) 

1.036323*** 
(0.1719488) 

Revenue 0.3996465* 
(0.2046932) 

0.7259002*** 
(0.2348566) 

0.7164348*** 
(0.1104051) 

0.949001*** 
(0.1562421) 

CPUE 0.1350717 
(0.1239649) 

0.3633169** 
(0.1620387) 

0.3262251*** 
(0.0766424) 

-- 

RPUE 0.1505475 
(0.1500102) 

0.4146485** 
(0.1890047) 

0.3317602*** 
(0.0850657) 

-- 

Effort 0.2779733 
(0.3541297) 

0.3504134 
(0.5250271) 

0.4411673* 
(0.2445546) 

-- 

Notes: All models in this table include year, month, zone-depth, year-month interaction, zone-depth-year interaction, 
and TX closure dummy variables.  Numbers in parenthesis are the estimated standard errors.  * = statistically 
significant at 0.10, ** = statistical significant at 0.05, and *** = statistically significant at 0.01. 

Table 18. DIDID estimates for catch disaggregated by class size with TX closure dummies 

 Coefficient Estimates 
Constant Persistent hypoxia Seasonal hypoxia Effort 

Model  
Class 1 (Largest) -0.0252896 

(0.2220752) 
-0.7476177 
(0.3102421) 

-0.5847268*** 
(0.1490513) 

0.5652584*** 
(0.0207069) 

Class 2 0.2460021 
(0.2005703) 

-0.2125266 
(0.2330087) 

-0.0953807 
(0.1231287) 

0.3205295*** 
(0.0202994) 

Class 3 0.03837 
(0.2352547) 

0.0361003 
(0.1993404) 

-0.094451 
(0.1194024) 

0.2687447*** 
(0.0217761) 

Class 4 0.1034909 
(0.1975038) 

-0.164258 
(0.152155) 

-0.0298125 
(0.1180517) 

0.235789*** 
(0.0220538) 

Class 5 0.0535382 
(0.1441995) 

0.083075 
(0.2274082) 

-0.2920311** 
(0.1428936) 

0.183851*** 
(0.0166669) 

Class 6 0.0688747 
(0.0963166) 

0.0867062 
(0.1756762) 

0.004264 
(0.1185665) 

0.1215477*** 
(0.0124619) 

Class 7 0.586941*** 
(0.1815625) 

0.4565267 
(0.3214176) 

0.5780873*** 
(0.1919922) 

0.1528865*** 
(0.0152487) 

Class 8 (Smallest) 0.7643854* 
(0.4048572) 

1.376097** 
(0.685623) 

1.404403*** 
(0.3176146) 

0.2491813*** 
(0.0238525) 

Notes: All models in this table include year, month, zone-depth, year-month interaction, zone-depth-year interaction, 
and TX closure dummy variables.  Numbers in parenthesis are the estimated standard errors.  * = statistically 
significant at 0.10, ** = statistical significant at 0.05, and *** = statistically significant at 0.01. 
 

Tables 17 and 18 contain estimates for catch, revenue, CPUE, RPUE and catch disaggregated 

by class size including four dummy variables (see Table 3) intended to absorb variation in catch 

unique to TX waters generally and TX waters in the three months comprising the closure.  The 

significance levels, signs, and magnitudes of the coefficients for these models are very similar to 
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those summarized in Tables 15 and 16, suggesting that effects of the TX closure are 1) already 

being absorbed by the score of dummy variables included in the regression; 2) the closure does 

not have a large effect on catch in relation to other confounding factors; or 3) some combination 

of these two explanations accounts for the minimal variation between the two models presented 

here.25 

In summary, the regression models indicate that catch, revenue, CPUE and RPUE increase in 

the presence of hypoxia.  The coefficients on seasonal hypoxia suggest that in the presence of 

seasonal hypoxia, CPUE and RPUE increase by between 32% and 39%.  For both models, the 

coefficients on seasonal hypoxia for all four outcome variables were statistically significant at 

the 1% level.  This result is consistent with what we know about the effect of hypoxia on brown 

shrimp: the clustering of shrimp around the edges of hypoxic zones makes them easier to catch 

and hypoxia having a positive effect on these outcomes aligns with the observed change in 

distribution of shrimp in the Gulf.  Coefficients for persistent hypoxia with CPUE and RPUE as 

dependent variables ranged from 36% to 47%.  However, when we disaggregate catch by shrimp 

size, we see differential effects on catch of different sizes of shrimp.  Seasonal hypoxia has a 

negative and statistically significant effect on catch of the largest shrimp (class 1) while it has a 

large, positive, and statistically significant effect on catch of the smallest shrimp (class 8).  These 

results are also consistent with what we know about the effect of hypoxia on brown shrimp; one 

of the key effects of hypoxia is impaired shrimp growth rates, which could result in smaller (and 

less commercially valuable) shrimp.   

                                                
25 Due to concerns about effort being endogenous, we again run regressions excluding effort as a covariate, and can 
compare the results for catch, revenue and class sizes to those presented in Tables 17 and 18 (results in Appendix 
H).  The coefficient estimates for persistent and seasonal hypoxia for models including and excluding effort are 
quite similar in terms of both magnitude and significance. 
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5. Discussion and Conclusion 

5.1 Validity 

One way to test the validity of the DIDID models estimated in the previous section would be 

to run the same DIDID model in the “pre-treatment period” to see if the coefficient on hypoxia is 

statistically significant.  If it is not significant, we can be reasonably confident that the 

identifying assumption for DD holds: that the trends in catch in the absence of treatment 

(hypoxia) for zones would have been parallel.  We could test this assumption by seeing if there 

are significant differences in catch between treatment and control zones “pre-treatment.”  The 

hypoxia data used in this analysis does not have measured dissolved oxygen values in months 1-

4, so we assume that no zone is ever hypoxic in these months.  Months 1-4 would thus comprise 

our “pre-treatment period.” 

To determine whether significant differences in catch for treatment and control zones exist, 

we could first drop all observations except for those observed in months 1-4 and then generate a 

dummy variable equal to 1 if zones in a particular month in a particular year are hypoxic in May 

(month = 5).  This is our false treatment variable, which we can substitute in our regression for 

persistent and seasonal hypoxia.  When we drop all observations except for months 1-4, we are 

left with 800 observations; 96 of these are hypoxic in May.  Due to this small sample size, 

running a regression that includes so many factor variables is impossible.  This is a key 

shortcoming of the study; if additional analyses are done using finer resolution hypoxia data and 

weekly or daily landings data, models intended to check the validity of the regressions could be 

identified and provide information about the appropriateness of the models. 
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5.2 Conclusion 

Because this project only analyzes eight years of catch data, it may be worthwhile to use 

additional years of NOAA data at a finer resolution, such as daily or weekly landings.  This 

would potentially permit assessment of the DIDID models using validity checks (described in the 

previous section).  However, this strategy would necessitate consultation with state and federal 

officials in order to assess the extent to which state policies have changed over time and space in 

the study period of interest.  Analysis with landings data at the daily or weekly level would 

remain somewhat limited because SEAMAP does not have finer resolution hypoxia data.  

Because the hypoxia data provides limited variation in hypoxic conditions and a snapshot of 

hypoxic conditions at two points during the year, it may be worthwhile to trade off a shorter time 

series for increased certainty about hypoxic conditions and the ability to use catch data at a finer 

resolution for analysis.  Some state agencies have done sampling of dissolved oxygen 

concentrations off the shelf of MS, AL and TX, and NOAA has 2-3 years of dissolved oxygen 

data from buoys in the Gulf.  Using other sources of hypoxia data along with weekly or daily 

landings data would greatly improve the analysis, and allow us to validity checks to ensure 

DIDID is an appropriate estimator for these data.  Corroborating the results presented here using 

other data sources is a critical next step for future research. 

The brown shrimp fishery in the Gulf is one of the largest and most productive fisheries in 

the US but is also the site of the second largest hypoxic zone in the world.  Although the impacts 

of hypoxia on penaeid shrimp are relatively well known, its effects on measurable outcomes such 

as catch, revenue, CPUE and RPUE have not been empirically tested.  This analysis employs 

quasi-experimental methods to estimate the effect of hypoxia on landings of brown shrimp in the 

Gulf of Mexico.  Using a DIDID estimator, we can control for potential cofounders, including 
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the natural shrimp life and growth cycle and state policies, to isolate the true treatment effect.  

The results indicate that in the short-run, seasonal hypoxia has a positive, statistically significant 

effect on catch, revenue, CPUE and RPUE.  That is, in subarea-depth zones with hypoxia, we see 

an increase in average catch, revenue, CPUE and RPUE relative to zones without hypoxia.  

These positive effects may be attributable to changes in the spatial distribution of shrimp 

resulting from hypoxia; shrimp are less dispersed throughout the Gulf and cluster around the 

edges of hypoxic zones, increasing their catchability.  However, this overall positive effect 

masks differences between hypoxic and non-hypoxic zones in the size of shrimp landed.  When 

we regress catch by class size, we see that on average, landings of large shrimp decrease in the 

presence of seasonal hypoxia whereas landing of smaller, less valuable shrimp increase 

significantly. 
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7. Appendices 

Appendix A Summary statistics for catch_2 and selected variables 
 

Variable Observations26 Mean Standard Deviation Minimum Maximum 
Dependent variables  
Catch 4800 1773.868 6192.662 0 97279 
Revenue 4800 7510.904 25849.37 0 497952 
Other variables  
Fishing days 4800 265.4698 796.2255 0 14574 
CPI 4800 174.0104 9.604444 159.1 191 
Diesel price 4800 69.67844 23.71075 30.181 148.359 
Real shrimp price 2125 7.520239 3.442339 0.6991245 15.10853 
Vessel characteristics  
Gross tons 4800 47.93394 58.05509 0 695 
Net tons 4800 31.14297 39.04313 0 695 
Length 4800 30.01332 34.65809 0 195 
Ship age 4800 8.792179 11.43116 0 72 
Horsepower 4800 96.79809 145.7461 0 900 
Shrimp size  
Class 1 4800 140.1423 477.8155 0 7116 
Class 2 4800 286.4431 1863.218 0 42086 
Class 3 4800 320.6154 1960.139 0 45487 
Class 4 4800 243.0404 1913.996 0 42649 
Class 5 4800 228.7854 2155.178 0 60482 
Class 6 4800 80.84896 861.5152 0 32287 
Class 7 4800 86.66 721.9759 0 20684 
Class 8 4800 387.3319 3084.277 0 59132 
Class 9 4800 0 0 0 0 
Weather conditions  
Wave height 4800 205.3883 247.3299 -377.9998 859.7853 
Wind speed 4800 369.8681 193.8122 -72.2453 939.401 
 

  
                                                
26 Excludes missing observations. 
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Appendix B Brown, pink, and white shrimp landings, 1997-200427 

 

  

                                                
27 These data are not derived from the NMFS/SEAMAP panel used in this study.  These numbers were obtained by querying “SHRIMP,” specifying the option 
“All States By State” in the NOAA Fisheries Commercial Fisheries Statistics website. 
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Appendix C Depth zones in the Gulf of Mexico 
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Appendix D Statistical subareas in the Gulf of Mexico 
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Appendix E Subarea-depth zone in the Gulf of Mexico 
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Appendix F Imputed hypoxia values 
 
Because we only have hypoxia data for months 6, 7, 10, and 11 from SEAMAP, we need to impute values for the remaining months in 
each subarea-depth zone in each year.  We store them in a variable named imputed_hypoxia.  The values in the table below represent 
all possible combinations of values in 6, 7, 10 and 11 (excluding missing values, which I detail in the subsequent table).  Each 
zone_depth in each year is sorted into one of nine cases.  In the boxes outlined in bold, the values here are the same as the values in 
the variable zone_hypoxia2, which is derived from SEAMAP dissolved oxygen measurements.  Values outside the bolded boxes are 
imputed values based on the data we have for months 6, 7, 10 and 11.  One (1) indicates that the mean dissolved oxygen concentration 
over months 6 and 7 in a given subarea-depth zone is less than 2 mg/l, zero (0) indicates that the mean dissolved oxygen concentration 
over months 6 and 7 in a given subarea-depth zone is greater than 2 mg/l, and missing data is represented with a period.  For subarea-
depth zones with missing data for some or all of months 6, 7, 10 and 11, we make several assumptions about the hypoxic conditions in 
the months for which we do not have SEAMAP dissolved oxygen measurement.  In Case 5, where we have data on summer hypoxia 
but are missing data on hypoxic conditions in the fall, we do not impute values of hypoxia for months 9-12, but instead code them as 
missing values.  For Case 6, we lack hypoxia data for both summer and fall.  We code all months except for 1-5 to be missing; we are 
fairly confident that hypoxia is never present in the late winter-early spring months. 
 

Month Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 
1 0 0 0 0 0 0 
 2 0 0 0 0 0 0 
3 0 0 0 0 0 0 
4 0 0 0 0 0 0 
5 1 1 0 0 1 . 
6 1 1 0 0 1 . 
7 1 1 0 0 1 . 
8 1 1 0 0 1 . 
9 1 0 0 1 . . 
10 1 0 0 1 . . 
11 1 0 0 1 . . 
12 1 0 0 1 . . 
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The table below is slightly different than the table above.  The values in the boxes outlined in bold still represent the values for the 
variable zone_hypoxia2, which is derived from SEAMAP dissolved oxygen measurements.  However, for Cases 7-9, we show what 
the original data look like for a given subarea-depth zone compared to what the imputed values look like (denoted by an asterisk).  For 
Case 7, we assume that if we have data on summer hypoxia, and waters are not hypoxic in the summer, waters would likely not be 
hypoxic in the fall, and thus impute values of zero for months 9-12.  This is the same as Case 3 described in the table above.  For Case 
8, we assume that if we have data on fall hypoxia, and waters are hypoxic in the falls, waters would likely be hypoxic in the summer, 
and thus impute values of 1 for months 5-9 and 12.  Finally, for Case 9, we do not impute values of hypoxia for months 6-9 and 12, 
but instead code them as missing values.  We do impute values of zero for months 1-5; we are fairly confident that hypoxia is never 
present in the late winter-early spring months. 
 

Month Case 7 Case 7* Case 8 Case 8* Case 9 Case 9* 
1 -- 0 -- 0 -- 0 
 2 -- 0 -- 0 -- 0 
3 -- 0 -- 0 -- 0 
4 -- 0 -- 0 -- 0 
5 -- 0 -- 1 -- . 
6 0 0 . 1 . . 
7 0 0 . 1 . . 
8 -- 0 -- 1 -- . 
9 -- 0 -- 1 -- . 
10 . 0 1 1 0 0 
11 . 0 1 1 0 0 
12 -- 0 -- 1 -- . 

 
* Indicates the values of imputed_hypoxia assigned to each month based on the assumptions described above.  These are contrasted with the values of hypoxia in 
months 6, 7, 10 and 11.  (--) indicates data were not collected during these months, which is distinct from lack of data during months in which data was collected, 
represented by (.).  
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Appendix G TX-Federal closure28 

 

                                                
28 This map indicates the extent of the TX closure for the purposes of this analysis: TX state waters extending to the US EEZ.  On this map, this area is: all depth 
zones in subareas 17-21 (shaded in blue) out to the purple line delineating the US EEZ. 
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Appendix H Regression results for catch, revenue and class size including and excluding effort as a covariate 
 

DIDID estimates for catch, revenue, and class sizes 1 – 8 

 Coefficient Estimates 
Constant (NE) Constant (E) Persistent 

hypoxia (NE) 
Persistent 

hypoxia (E) 
Seasonal 

hypoxia (NE) 
Seasonal 

hypoxia (E) 
Model  

Catch 0.8189008 
(0.5493211) 

0.4264274** 
(0.2144958) 

1.565498* 
(0.805497) 

0.6701843 
(0.2848305) 

1.811989*** 
(0.3886371) 

0.8002766*** 
(0.1339948) 

Revenue 0.8736317 
(0.6393598) 

0.3909778* 
(0.208045) 

1.740099* 
(0.9113117) 

0.6390657*** 
(0.2388612) 

1.873173*** 
(0.427027) 

0.6289943*** 
(0.106779) 

Class 1 (Largest) 0.1571465 
(0.2638696) 

-0.0290836 
(0.2219478) 

-0.3512879 
(0.3269544) 

-0.7761176** 
(0.3108012) 

-0.133709 
(0.1256175) 

-0.6137705*** 
(0.1494636) 

Class 2 0.3445699* 
(0.1971777) 

0.2405694 
(0.2000041) 

-0.0260338 
(0.2593416) 

-0.2632806 
(0.2330416) 

0.1214692 
(0.1225278) 

-0.1466218 
(0.1266482) 

Class 3 0.1115698 
(0.2231296) 

0.0278737 
(0.2335602) 

0.1184904 
(0.1429424) 

-0.0724377 
(0.1952644) 

0.0121274 
(0.1138469) 

-0.2036232* 
(0.1211927) 

Class 4 0.1628899 
(0.2163705) 

0.0893879 
(0.199061) 

-0.1297626 
(0.1425794) 

-0.2974358** 
(0.1508122) 

0.025259 
(0.1109496) 

-0.1642133 
(0.1225059) 

Class 5 0.0987972 
(0.1432242) 

0.0406744 
(0.1408081) 

0.1017005 
(0.2326678) 

-0.0308896 
(0.2239104) 

-0.2575032* 
(0.142472) 

-0.4073312*** 
(0.1435484) 

Class 6 0.104589 
(0.1064392) 

0.0651062 
(0.0978275) 

0.1443952 
(0.1975266) 

0.0543269 
(0.1780613) 

0.0732419 
(0.1247045) 

-0.0285361 
(0.1188006) 

Class 7 0.63989*** 
(0.1992602) 

0.587298*** 
(0.1819138) 

0.5919635* 
(0.3499167) 

0.4719903 
(0.3201383) 

0.7287984*** 
(0.2123836) 

0.5932276*** 
(0.1931896) 

Class 8 (Smallest) 0.8615099* 
(0.459278) 

0.7759964* 
(0.4034063) 

1.681639** 
(0.7909223) 

1.486565** 
(0.6844625) 

1.736289*** 
(0.3767076) 

1.515854*** 
(0.3248948) 

Notes: All models in this table include year, month, zone-depth, year-month interaction, and zone-depth-year interaction dummy variables.  Numbers in 
parenthesis are the estimated standard errors.  * = statistically significant at 0.10, ** = statistical significant at 0.05, and *** = statistically significant at 0.01.  NE 
= effort not included as a covariate; E = effort included as a covariate. 
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DIDID estimates for catch, revenue, and class sizes 1 – 8 with TX closure dummies  

 Coefficient Estimates 
Constant (NE) Constant (E) Persistent 

hypoxia (NE) 
Persistent 

hypoxia (E) 
Seasonal hypoxia 

(NE) 
Seasonal 

hypoxia (E) 
Model  

Catch 0.7670707 
(0.5474902) 

0.4333732** 
(0.2125769) 

1.159498 
(0.7956489) 

0.7388384*** 
(0.2827252) 

1.399049*** 
(0.371144) 

0.8694431*** 
(0.1377786) 

Revenue 0.8102341 
(0.6374633) 

0.3996465* 
(0.2046932) 

1.243487 
(0.8994479) 

0.7259002*** 
(0.2348566) 

1.368072*** 
(0.4068538) 

0.7164348*** 
(0.1104051) 

Class 1 (Largest) 0.1318372 
(0.2616931) 

-0.0252896 
(0.2220752) 

-0.5495436* 
(0.3205833) 

-0.7476177 
(0.3102421) 

-0.3353533 
(0.1367236) 

-0.5847268*** 
(0.1490513) 

Class 2 0.3351007* 
(0.195971) 

0.2460021 
(0.2005703) 

-0.1002088 
(0.2571477) 

-0.2125266 
(0.2330087) 

0.0460265 
(0.1209226) 

-0.0953807 
(0.1231287) 

Class 3 0.1130739 
(0.2229748) 

0.03837 
(0.2352547) 

0.130272 
(0.1431494) 

0.0361003 
(0.1993404) 

0.0241103 
(0.1168201) 

-0.094451 
(0.1194024) 

Class 4 0.1690339 
(0.2163545) 

0.1034909 
(0.1975038) 

-0.0816344 
(0.1449837) 

-0.164258 
(0.152155) 

0.0742099 
(0.1132324) 

-0.0298125 
(0.1180517) 

Class 5 0.1046438 
(0.14468) 

0.0535382 
(0.1441995) 

0.1474989 
(0.2348916) 

0.083075 
(0.2274082) 

-0.210922 
(0.1435507) 

-0.2920311** 
(0.1428936) 

Class 6 0.1026617 
(0.1075128) 

0.0688747 
(0.0963166) 

0.1292982 
(0.1981836) 

0.0867062 
(0.1756762) 

0.0578868 
(0.1245247) 

0.004264 
(0.1185665) 

Class 7 0.6294393*** 
(0.1962627) 

0.586941*** 
(0.1815625) 

0.5101002 
(0.3463215) 

0.4565267 
(0.3214176) 

0.6455358*** 
(0.2061014) 

0.5780873*** 
(0.1919922) 

Class 8 (Smallest) 0.8336511* 
(0.4577938) 

0.7643854* 
(0.4048572) 

1.463413* 
(0.7838378) 

1.376097** 
(0.685623) 

1.514333*** 
(0.35778) 

1.404403*** 
(0.3176146) 

Notes: All models in this table include year, month, zone-depth, year-month interaction, zone-depth-year interaction, and TX closure dummy variables.  Numbers 
in parenthesis are the estimated standard errors.  * = statistically significant at 0.10, ** = statistical significant at 0.05, and *** = statistically significant at 0.01.  
NE = effort not included as a covariate; E = effort included as a covariate. 
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Appendix I GIS maps, hypoxia29 

 

                                                
29 The time period of the maps in this appendix are identified as “June” and “December” but represent conditions in months 6 and 7 (summer) and 10 and 11 
(fall). 
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